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1 Introduction and overview

1.1 Where we are now

In the previous semester we developed the basic structure of relativistic quantum field theory. We saw
that constructing a relativistic theory of interacting quantum particles which respects causality requires the
fundamental degrees of the theory to be fields. Restricting for a moment to theories with no fermions,
quantum fields are operators ®*(z) obeying the following two conditions:

(1) Poincare symmetry: they transform in representations
U(A,a)!®"(2)U (A, a) = > Daar (A)2 (A~ (z — a)) (1.1)

of the Poincaré group, where U(A,a) are the unitary operators implementing Poincaré symmetry on
Hilbert space. The representation matrices Dy, obey

ZDaa’ (A1)Dararr (A2) = Daar (A1As2). (1.2)

(2) Microcausality: they commute at spacelike separation:
[@°(x), " (1] =0 (¢ —y)*>0. (1.3)

Recall that the the Poincaré group is the set of spacetime transformations

't = A¥ 2 + at, (1.4)
with A obeying
AP LAY 50 = Nap (1.5)
and also
detA =1
A% > 1. (1.6)

The condition ensures the transformation preserves the Minkowski space inner product, or equiv-
alently is an isometry of the Minkowski metric 7,,, while the conditions (L.6)) ensure that it preserves the
orientations of space and time (i.e. it does not include time reversal and/or spatial reflection). The spacetime
vector a is a spacetime translation while A is a Lorentz transformation built out of some combination of
boosts and rotations. Setting a = 0 the Poincaré group reduces to what is sometimes called the proper
orthochronous Lorentz group, usually denoted SOT(d—1,1). Incorporating fermions into this formalism
is not difficult; we need to modify it in two ways:

1. We allow for fields which transform in representations of the spin double cover of the Poincare group.
This is a group that locally looks like the Poincare group, but globally allows for the fact that on fields
of half-integer spin a rotation by 27 is equal to —1 instead of 1. We’ll explain this in more detail in
the next few sections.

2. Fermionic fields are required to anticommute instead of commute at spacelike separation.

Last semester we saw that this formalism leads to some rather general consequences for relativistic
quantum mechanics:

e Particle non-conservation: In quantum field theories the interactions always allow for particles to
be created and destroyed, essentially because the interaction terms always have the form (a +a')™ and
this always includes terms with different numbers of creation and annihilation operators.



¢ Existence of antiparticles: Given any particle of mass m and charge ¢, we saw that to construct a
field operator obeying microcausality we need to also have a particle of mass m and charge —gq.

e Spin-statistics theorem: By using the rotational symmetry of the Euclidean path integral, we saw
that particles/fields of integer spin must be bosons and particles/fields of half-integer spin must be
fermions. This is essentially because we can exchange two fields by rotating each by m, and for an
appropriate basis of fields this is the same as a rotation by 2.

e CRT theorem: Again using rotational symmetry in Euclidean signature, we saw that any relativistic
quantum field theory has a special symmetry called CR7T which reverses time, reflects one spatial
direction, and exchanges particles and antiparticles.

An example of a relativistic quantum field theory that we studied in great detail last semester is the free
scalar field, with Lagrangian density

1 2
L= —50,00"9 — 6" (1.7)

We solved this theory by introducing the Heisenberg field operator

(p( ) / ddilp ]‘ |: ip-T + T —ip-x (1 8)
)= | ————— |age ale .
(27T)d—1 /72%3 P D ’
introducing the canonical momentum )
I =9, (1.9)

and imposing the canonical commutation relations

[@(t, %), ®(t,5)] =0

[H(t’ ‘f)’ H(ta g)] =

[(t, 7). 11(t, 7)) = i6° (7 — ). (1.10)
These imply that the creation and annihilation operators obey

[aﬁv aﬁ"] =0

[a;;7 a;,] =0

lag,al,] = (2m)* 16 (5 — ), (1.11)

which is essentially just the algebra of a continuous set of harmonic oscillators labeled by the spatial mo-
mentum p. Moreover we showed that (after a renormalization of the cosmological constant) the Hamiltonian
is given by

ddflp i

Thus the ground state of the theory, also called the vacuum, is the state |2) which is annihilated by all
ap, and by acting on the vacuum with the a;;.s we can create particles, each of which has momentum p’ and
energy wy. These particles are bosons, since e.g. we have

alal,|Q) = al,al|Q). (1.13)

We also considered interacting theories, in particular spending a lot of time on the A¢* theory with
Lagrangian density

1 m?2 A
L= -5 L pOM D — 7(;52 ~ 4, (1.14)



This theory has many physical applications, for example it can be used to study the critical points of
magnets and the Higgs boson in particle physics (this is the complex version). Unfortunately it cannot
be solved exactly, but we saw we could learn quite a bit about it using perturbation theory. Perturbation
theory is especially nice to construct starting from the path integral formalism. For example the path integral
computes the time-ordered n-point correlation function of ¢ as

T1) ... p(wy,)eSe
(To(x1)...P(xn)) = fD¢¢(f1Y))¢ei<§€( ) ’ (1.15)

where S, is the action evaluated using the ie-prescription

oo (1—ie)
S, :/ dt/dd’lxﬁ. (1.16)

—oo(1—1i€)

We can evaluate these path integrals perturbatively by Taylor-expanding the integrand in A, which reduces
all integrals to moments of Gaussian integrals that can be done explicitly. The result is the Feynman rules
for computing correlation functions.

In quantum field theory it is the fields that are fundamental, not the particles, and indeed in some
quantum field theories there are no particles at all. On the other hand many quantum field theories do have
particles, such as the standard model of particle physics, and in those theories we are often interested in
the scattering theory of the particles. We formalized this scattering theory by introducing “in” and “out”
eigenstates of the Hamiltonian, whose wave packets are non-interacting at early or late times respectively, and
we defined the S-matrix as the inner product between the in and out states. We were careful to emphasize
that the in and out states in general do not have any simple relationship to the fields appearing in the
Lagrangian, for example in QCD the fields in the Lagrangian describe quarks and gluons but the scattering
states are hadrons. We further explained how the S-matrix can be extracted from the correlation functions
of fields using the LSZ reduction formula, which works by taking the Fourier transform of the correlator
and then taking all external momenta to go on shell and looking at the residue of the resulting pole.

We closed the semester by introducing the renormalization group, initially as a way of interpreting the
various short-distance divergences which arise in computing Feynman diagrams and then as a general philos-
ophy of life. What we found is that the operation of going to low energies (or equivalently long distances) has
a strong focusing behavior, formalized as Polchinski’s theorem, which “forgets” high-energy/short-distance
information about the theory. This focusing behavior is what leads to the extraordinarily predictive nature
of quantum field theory: we can realize the generic low-energy behavior by including only “relevant” and
“marginal” terms in the Lagrangian (these are terms whose energy dimension is less than or equal to d). So
for example for d = 4 the most general Lagrangian we need to write down for a scalar field with a symmetry

¢’ = —¢ is precisely the Lagrangian 1D

1.2 What’s next?

So far our discussion of concrete quantum field theories has been limited to scalar theories, where the Poincaré
representation D appearing in equation is just the trivial representation (meaning Dgqs (A) = dqq for
all A). Most of the interesting quantum field theories in nature however have nontrivial D, and in particular
we have the following examples:

e Spinor fields: these fields transform in nontrivial Poincaré representations where a rotation by 27
acts as —1, so by the spin-statistics theorem they anticommute at spacelike separation. The particles
they create/annihilate are fermions. Fermions are an essential part of nature, for example the Pauli
exclusion principle is what accounts for the stability of solid matter, so we clearly had better learn how
to include them in field theory.

1Strictly speaking we should also include a cosmological constant term, but this has no physical effect until we consider
gravity.



e Gauge fields: these are one-form fields A, (x) which are also charged under a local gauge symmme-
try. The simplest example is the vector potential of electromagnetism, which has the familiar gauge
transformation

Al = Ay + 8,0 (1.17)

with A an arbitrary scalar function of space and time. We will see that such a gauge symmetry is
necessary whenever we have a massless particle of helicity one. There are also more sophisticated
“non-abelian” gauge fields, where A, is a matrix of one-forms instead of just a single one-form. Gauge
fields are the mediators of all of the non-gravitational forces in nature, and they also appear in the
description of interesting condensed matter phenomena such as the fractional quantum hall effect.

e Gravity: in Einstein’s theory of gravity the geometry of spacetime is described by a dynamical metric
tensor g, (z). This theory also has a local gauge symmetry, called general coordinate invariance
or diffeomorphism symmetry, which says that the theory looks the same in arbitrary coordinate
systems. Just as having a consistent theory of a massless particle of helicity one (the photon) requires
the gauge symmetry , having a consistent theory of a massless particle of helicity two (the
graviton) requires general coordinate invariance.

Gravitational theories are sufficiently different from non-gravitational theories that it is conventional to view
them as falling outside of the standard framework of quantum field theory. There are several reasons for
this:

1. No local operators: we will learn later that gauge symmetries typically must be viewed as redundan-
cies rather than physical transformations, which is why in electromagnetism it is the gauge-invariant
field strength tensor

F/ﬂ/ = aMAIJ - aVAu (118)

which measurable rather than the vector potential A#E| In a gravitational theory general coordinate
transformations are gauge transformations, so no local operator O(x) can be gauge-invariant (since
gauge transformations would move it around). In a gravitational theory gauge-invariant observables
need to be defined in a relational manner, with their locations defined relative to some feature in the
system or else the asymptotic boundary. This is rather inconvenient from the point of view of our field
theory machinery, which is mostly built around correlation functions of local operators.

2. No energy-momentum tensor: in quantum field theory an essential object is the energy-momentum
tensor, which we defined as the derivative of the action with respect to a background metric. The various
Poincaré symmetry generators are expressed as integrals involving the energy-momentum tensor, and
its correlation functions appear in many important quantum field theory applications (for example
the energy flux in a particle detector or the flux of energy out of an evaporating black hole). In
gravitational theories there is no energy-momentum tensor since the metric is a dynamical field rather
than a background field.

3. Less important role for Poincaré symmetry: in ordinary quantum field theory the Poincaré group
arises as the symmetry group of the background Minkowski metric. In gravity the metric is dynamical,
and indeed depending on the matter configuration it need not look anything like Minkowski space. And
moreover even when we do restrict to situations where the metric approaches the Minkowski metric
at large distances, Poincaré symmetry mixes into a larger structure involving “BMS transformations”
which even today is not completely understood.

4. No renormalizable interactions: we saw at the end of last semester that in general relativity the in-
teractions between gravitons and also the interactions of gravitons and matter are non-renormalizeable,
or in the Wilsonian parlance they are irrelevant. This means that they vanish at energies that are low

2An exception to this statement is the Aharonov-Bohm effect, which measures the gauge-invariant line integral of A around
a closed loop. This however is only really a separate degree of freedom if the loop is topologically non-contractible (or more
carefully non-contractible within the region of spacetime where the gauge field is a good description of the physics).



compared to the Planck scale, which is why gravity is so weak, and it also means that gravitational
interactions are not constrained by the focusing behavior of the renormalization group: as we work
to higher and higher orders in Newton’s constant, we need to include more and more terms in the
Lagrangian to parametrize the possible interactions. This means that we need some “UV-complete”
theory of quantum gravity if we are ever to understand in detail what happens in high-energy graviton
scatteringEI

5. No theory yet: building off of the previous point, so far we do not have any candidate theory of
quantum gravity that is consistent with everything we know about the world. There is a promising
framework called string theory which seems to contain many of the right ingredients, but so far we only
know how to formulate string theory precisely in unrealistic situations with unbroken supersymmetry
and a non-positive cosmological constant.

6. Black holes and holography: in the special corners where we do understand string theory, the pre-
cise formulation looks nothing like the quantum field theory we have pursued in this class. Rather than
quantizing some matter fields and a metric on spacetime, we instead quantize some strongly-interacting
non-gravitational lower-dimensional theory living in some auxiliary spacetime. The conventional pic-
ture of spacetime is emergent, rather than fundamental. This is a radical change from our quantum
field theory understanding of non-gravitational physics, and it is usually referred to as holography.
Holography seems to be necessary in order to have a consistent theory of quantum black holes.

For these reasons we will therefore mostly not consider gravity any further in this class. Spinor and gauge
fields however will squarely be our business, and indeed the rest of the semester will more or less consist
of developing the formalism for these and introducing some of their most interesting applications. Here are
some of the applications we will consider:

¢ Quantum electrodynamics (QED): the fundamental theory of electrons, positrons, and nuclei
interacting via quantized photons, QED underlies most of atomic physics and thus accounts for much
of the world we see around us. In particular phenomena such as the 2s—1s decay of hydrogen, the
anomalous magnetic moment of the electron, and the Lamb shift cannot be understood without a
quantum theory of light.

¢ Yukawa theory of the nuclear force: How are the protons and neutrons in the atomic nucleus held
together? The answer is that there is an attractive force between nucleons which is mediated by scalar
particles called pions, and we will study this force using quantum field theory. Next semester we will
see how this force arises from quantum chromodynamics (QCD), which is the fundamental theory of
the strong force.

e 2D Ising model: one of the landmark developments of statistical physics was Onsager’s solution of
the classical Ising model in two spatial dimensions. A key accomplishment of Onsager’s approach was
the calculation of critical exponents in the vicinity of the transition point. Onsager’s original solution
is quite difficult to understand, but it was later realized that the essential reason why the model is
solvable is that at the critical point it can be rewritten in terms of a free fermion field theory. This
enables fairly straightforward calculations of the critical exponents.

e Superconductivity: one of the most remarkable phenonema in solid state physics is the possibility of
conductivity with zero resistance. The available microscopic explanation of this, called BCS theory, is
fairly sophisticated and is not strong enough to account for all observed examples of superconductivity.
A general phenomenological theory is available however via the idea that a superconductor is merely
a system in which the gauge symmetry of electromagnetism is spontaneously broken, or “Higgsed”.

3Tt must be emphasized however that other non-renormalizeable theories, such as that which controls the physics of pions
and nucleons, can be fit squarely within the framework quantum field theory. So unlike the other problems in this list, this one
is not unique to gravity.



The main topic we will not cover this semester is “non-abelian gauge fields”, which are a generalization of
QED that is needed to describe the strong and weak nuclear forces; this will be the main topic of the third
and final semester of QFT.

Problems:

1. Review anything above “what’s next” which you aren’t comfortable with, especially the equations.

2  Quantum Fermions

We now begin our systematic study of fermions in quantum field theory. By definition fermions are particles
with the property that if you have more than one of them then the quantum state is antisymmetric under
exchanging any two of them. This is to be distinguished from the bosons we have encountered so far, for
example in our free scalar field theory the creation operators were commuting so

alal,|Q) = al,al|Q). (2.1)

In order to get fermions we need the creation and annihilation operators to be anticommuting, meaning
that we want to get something like

{ap,ap 6} =0
{af,af, ,} =0
{ag,al, } = 60,00 (2m) 41691 (5 — ), (2.2)

where we have introduced the anticommutatoid
{A, B} = AB + BA. (2.3)

We've also included a spin index o out of regard for the spin-statistics theorem: fermions cannot have spin
zero since a rotation by 7 must act on them as —1. Acting on the vacuum with creation operators obeying
the algebra (2.2) automatically gives us fermions, for example we now have

Q) = —al, al|0). (2.4)

Tt
a5l p’,0’ P

p p,0

The Pauli exclusion principle is automatic as well, since we have

(aly? = J{akalk =0 (25)

so it is impossible to create two fermions with the same momentum and spin.

Of course this is quantum field theory class and not quantum particle class, so rather than simply
postulating the algebra we need to derive it starting from some field theory. The commutativity of
bosonic creation and annihilation operators came from the fact that bosonic fields obey the canonical
commutation relations:

4Not to be confused with the classical Poisson bracket, which we wrote using the same notation.



To get the fermionic algebra we therefore need fields which obey canonical anticommutation relations:

{29(2),2"(%)} =0
{Ia(2), 1I,(9)} = 0
{2(2), ()} = 165677 — 7). (2.7)

The canonical commutation relations are an essential part of the procedure for constructing quantum theories
starting from a classical Lagrangian, so these anticommutation relations may seem somewhat mysterious.
We will therefore now study a simplified version of them, learning that a finite number of quantum fermions
has a finite-dimensional Hilbert space and thus does not have a classical limit in the same way a finite number
of bosonic variables (such as the harmonic oscillator) does. This will end up being the reason why you are
familiar with the classical electromagnetic field but not with a “classical electron field”. Once we have better
intuition for quantum fermions, we will return to the problem of constructing fermionic quantum fields that
are consistent with Lorentz invariance and causality.

2.1 One fermion

Let’s first consider the quantum mechanics of a single fermionic variable ¥ and its canonical conjugate II. It
is convenient to redefine the latter via I = i= to remove the factor of i from the canonical anticommutator:

{0, 0} =0
(2,2} =0
(0,2} =1. (2.8)

This is the fermionic analogue of the canonical commutation relations for a single quantum particle moving
in one spatial dimension. The first two lines merely say that

U2 =

[1]

=0, (2.9)
so in particular we can always find a state |0) which is annihilated by ¥:
v|0) = 0. (2.10)

This is because given any state |¢) which isn’t annihilated by ¥ we simply act on it once with ¥ to get a
state W|¢) which is annihilated by ¥ since U2 = 0. Acting on |0) with = we then get another state

[1) = E]0). (2.11)
This state can’t vanish since we have
U|1) = U=[0) = ({\II,E} + Efo)|0> = |0). (2.12)
On the other hand we have
Z[1) = =2/0) = 0. (2.13)

Altogether we have thus found a two-dimensional representation of the canonical anticommutation relations:

v = (8 é) == ((1) 8) 10) = (é) 1) = (i’) . (2.14)

In modern parlance, the Hilbert space of a single fermion degree of freedom is just that of one qubit. I
emphasize that this is much simpler than the Hilbert space for a single bosonic variable obeying canonical



commutation relations, which has an infinite-dimensional Hilbert space spanned by position eigenstates |z).
We can write this representation in terms of Pauli matrices:

1
U = B (04 +ioy)
1
=3 (05 —ioy). (2.15)

[1]

Here of course the Pauli matrices are given by

0y = ((1) (1)) oy = (? 0i> 0. = (é 01> : (2.16)

It is convenient to introduce a fermion number operator
F ==Y, (2.17)
which obeys
F|0) =ZT|0) =0
F|1) = E0E|0) = {E, T}ZE|0) = |1). (2.18)

In the Pauli representation the fermion parity operator (—1)¥, which acts on |0) as 1 and |1) as —1, is simply
given by
(-1)F =o0.. (2.19)

2.2 N fermions

All this generalizes nicely to a system of N fermions ¥* and their conjugates =,, which obey the canonical
anticommutation relations

{Te ¥} =0
{E4, 5} =0
{0, 5} = o7 (2.20)

Namely we first construct a state |0) which is annihilated by all of the ¥*:
v4|0) = 0. (2.21)

We can always find such a state by picking any state which isn’t annihilated by some subset of the ¥, and
then acting on it with them. The order in which we act doesn’t matter since the ¥, all anticommute and
thus can be moved past each other up to a sign. We then construct a basis for the Hilbert space of the form

|s1...sn) =ZE7" ... EXV0), (2.22)
with each s, equal to zero or one. Note that by definition we have
[0y =]0...0). (2.23)

The action of ¥® and =, on these basis states is not hard to work out from the algebra (2.20]), for example
if s, = 0 then the state is annihilated by U® while if s, = 1 then it is annihilated by Z,. The Hilbert space

for N fermionic variables is thus just the Hilbert space of N qubits. The fermion number operator F' is now
defined to be

N
F=Y =0, (2.24)
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22425(0) = [o}o}Ho}—e = |01011)
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(1]

Figure 1: Creating a five-qubit basis state by acting on the |0) state with fermion operators. The black dots

indicate the L;Uy factors, and the Jordan-Wigner string operators o, always act on the zero state and thus
only contribute factors of +1.

and acting on the basis states we have
Flsy...sn)=(s14...8N)[$1...SN)- (2.25)

We can give a more explicit representation of the fermion algebra using Pauli matrices. Considering first
the case N = 2, it not hard to check that the operators

v — ("zzwy) oI

_ Oy — 10
:.1:<2 y)@[

Op + 10
\II2UZ®(:E2y)

o ("1‘ ‘2“’@’) (2.26)

obey the algebra (2.20). For example we have
(U w2 =0 (2.27)
since o, and o, both anticommute with o, and we have

(U2 5} =1 (2.28)

Ox+i0y Oz—

since 02 = 1 and we already showed that { %57, ;Uy} = 1 in the one-fermion case. It is also straight-
forward to confirm (2.22)), for example

215,/00) = |11) (2.29)
since 0,]0) = |0) and L;wy
have

0) = |1). This construction generalizes to N fermions in a nice way: we simply

\I/“:@@...az@w(@my..egl

Oy — 10y

2

Be=0,®...0,® RI®...®I, (2.30)

11



where there are N tensor factors in both expressions (for the N qubits) and the operator Ulj;& appears
in the ath factor. In the homework you will show in detail that these expressions obey . The chain
of o, operators appearing to the left of % is typically called the Jordan-Wigner string, and this
representation of the N-fermion algebra on the Hilbert space of N qubits is called the Jordan-Wigner
representation. The expression @ for the fermion basis has a nice graphical representation in terms of
the Jordan-Wigner strings, see figure[I] Fermion parity also has a nice representation along these lines, it is
the complete Jordan-Wigner string:

(-1)=0.2...00.. (2.31)
The easiest way to see this is to exponentiate the action of F' on basis states:
(=1)Fs1...sn5) = (=1)Xea|s; ... sn). (2.32)

It is worth emphasizing a rather subtle point about this construction. In quantum mechanics class we
typically learn that the composition of two physical systems is mathematically described by a tensor product.
So it is here: the Hilbert space of Ny + Ny fermions is the tensor product of an Ni-qubit Hilbert space and
an Ns-qubit Hilbert space. On the other hand the fermionic operators are NOT tensor product operators:
a fermion operator on the first system needs to anticommute with a fermion operator on the second system!
Taking care of this anticommutation is precisely the reason for including the Jordan-Wigner string. On the
other hand including the string seems a bit arbitrary: why did we put the o, operators on the left instead of
the right? And for that matter why did we have to introduce an ordering of the fermions at all? The algebra
makes no reference to such an ordering, and for bosonic degrees of freedom we didn’t need to pick an
ordering. The place where the ordering appeared is when we introduced the particular basis for the
system; other orderings would lead to bases which differ from this one by signs. Keeping track of the signs
associated to this choice is one of the main headaches of dealing with fermions: most of the time it doesn’t
matter and cancels from observable quantities, but every now and then it leads to something deep.

2.3 Some comments on the inner product and hermiticity

T’ll now make some comments about the inner product on the N-fermion Hilbert space. The natural inner
product that you presumably were already assuming I am using is to define

(81 8N[s1-- 8N) = 0grsy -+ Ot sy (2.33)

With this inner product ¥ and =, are hermitian conjugates:
pet ==, (2.34)
g2 = e, (2.35)
as you can confirm directly from (2.30). I'll refer to this inner product as the physical inner product,
and in most applications of fermions this is the one we want. We will eventually however meet some more
mysterious fermions called “Fadeev-Poppov ghosts”, which will arise in the path integral formulation of

non-Abelian gauge theories. If one attempts to give these ghosts a Hilbert space interpretation one finds
that they instead have the ghost inner product

(81 8hls1 - 8N) = s 5141+ Ost o115 (2.36)

where the addition in the Kronecker 4 is mod 2 (i.e. 0+1 =1 and 1+ 1 = 0). So in particular for N =1
the ghost inner product is

(0]1) =(1]0) =1 (0]0) = (1]1) = 0. (2.37)
Note that this isn’t really a genuine inner product, as there are nonzero states of vanishing norm. These
states of course do not appear in the physical Hilbert space of the non-Abelian gauge theory, but they
are sometimes useful in intermediate steps of calculations. With the ghost inner product ¥* and =, are
hermitian. For now however I recommend you don’t worry about ghosts and stick to the physical inner
product.
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2.4 Real fermions
There is an alternative way of presenting the fermion algebra (2.20)) where we make the redefinitions

1 -
Xa:ﬁ(‘y +Za) (2.38)

~ 1

Xa =75 (U —Z,), (2.39)

which then obey the algebra

{Xa>Xb} = {%avib} = 6ab
{Xa> Xp} = 0. (2.40)

In the physical inner product both y, and Y, are hermitian:

Xt = Xa Xb = Xas (2.41)

so they are conventionally referred to as real fermions. The ¥¢ are referred to as complex fermions, and
as you would expect one complex fermion is equal to two real fermions. The Jordan-Wigner representation
of real fermions is particularly simple:

x

a.
Xa:(fz®~-~0'z®ﬁ®[®...®]

ya:az®...oz®%®l®...®l. (2.42)

V2

In the condensed matter and quantum information communities real fermions are sometimes called “Majo-
rana fermions”, but this term is really a relativistic notion that we will meet presently so we will reserve it
for then.

It is interesting to note that this construction always produces an even number of real fermions. It is a
topic of some controversy whether or not it makes sense to have a quantum system with an odd number of
real fermions. My vote is no: the constructions which I’ve seen always amount to either taking a system with
one more real fermion (to make the total number even) and then “forgetting” about one of the fermions,
which doesn’t give an irreducible representation of the anticommutation relations, or taking a system with
one fewer real fermions (to again get an even number) and then interpreting fermion parity (—1)f as an
“extra” real fermion.

Problems:
1. Confirm the action (2.25) of fermion number on the basis states of N fermions.
2. Confirm the canonical anticommutation relations (2.20)) using the explicit representation ([2.30)).

3. Confirm the Majorana algebra (2.40) starting from the canonical anticommutation relations (2.20)),
and also confirm them from the explicit representation (2.42]).

3 Spinors
We would now like to construct Lorentz representations for fields that create and annihilate fermions. To

set up this task more precisely, it is useful to first review some facts about angular momentum in quantum
mechanics.
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3.1 Angular momentum review

In three spatial dimensions a rotation is a 3 X 3 matrix R with unit determinant whose transpose is also
its inverse, or in other words it is an element of the Lie group SO(3)E| In quantum mechanics each spatial
rotation is represented on Hilbert space by a unitary operator U(R), with the unitary operators obeying the
representation condition

U(R)U(R') =U(RR). (3.1)

The rotation group can be represented in many different ways, and trying to work out all the representations
directly by constructing the unitary operators U(R) is somewhat challenging. A better idea is to first think
about how to represent the rotation group in an infinitesimal neighborhood of the identity, by way of the
angular momentum operators J, Jy, and J,. To introduce these we observe that we can write a general
element of SO(3) as

R =¢", (3.2)

where S is purely imaginary (to make sure that R is real) and the orthogonality condition R~! = R” implies
that S is antisymmetric:

ST =-8. (3.3)
Setting the determinant of R to one also tells us that
1 =detR = ¢ (3.4)
so we also want S to be traceless:
Tr (S) = 0. (3.5)

In fact this follows already from the antisymmetry of S, so we need only require that S is imaginary and
antisymmetric. The set of 3 x 3 imaginary antisymmetric matrices is a three-dimensional vector space,
spanned by the generators

-1

0 0 O 0
J:=1({0 0 -1 Jy=1| 0 0
0 1 0

0 1 0 0
00 J.=il|1 0]. (3.6)
0 ~1.0 0 0 0

These are of course the angular momenta about the x, y, and z axes, the signs are chosen so that a
counterclockwise rotation by € about the unit vector 7 i
R(9,7) = e~ ™7 (3.7)

It is simple to check that these generators obey the algebra

(T, Tj] = ZZ €ijk Tk (3.8)
K

where ¢, is the completely antisymmetric tensor with €;,, = 1. Equation (3.8) is called the Lie algebra
of SO(3). We can think of the Lie algebra as encoding the multiplication rules of SO(3) “near the identity”,

5A Lie Group is a group which is also a smooth manifold, which roughly speaking means it locally looks like a piece of R™
for some n, and for which the group multiplication and inversion operations are infinitely differentiable. In physics we are most
often interested in matrix Lie groups, meaning Lie groups that can be faithfully represented using finite-dimensional matrices.
For matrix Lie groups the Lie algebra is the vector space of infinitesimal generator matrices, which we will see in a moment
needs to be closed under taking commutators.

6The minus sign here arises because angular momentum is actually minus the generator of rotation as defined in section
two last semester; look there at the discussion below equation 2.81 if you get confused about the sign conventions for Poincare
symmetry generators. To avoid awkward phrasing we will nonetheless refer to the 7; as generators here.
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since if we multiply two elements of SO(3) which are near the identity we have
i€Sy ieSa . L oo . L oo
e*Ple = 1+zeSlf§eSl+... 1+16527§€SQ+...

1
=14+ Zé(Sl + SQ) — *E (Sl + SQ) — 562[51,52] +

_ eie(51+52)7%62[51,s2]+0( ). (3.9)

This formula can be extended to all orders in €, which gives something called the Baker-Campbell-Hausdorff
formula, and the higher order terms in the exponent on the right hand side all have the form of nested
commutators of S; and S;. Therefore if we know how to compute the commutators of the generators, then
we know how to compute the products of arbitrary group elements near the identityE] Thus if we want to
construct a unitary representation of SO(3) near the identity, it is enough to find three hermitian matrices
J; of any dimension obeying the Lie algebra , since exponentiating them then gives a representation
of SO(3) with that dimension (at least near the identity). Such a set of hermitian matrices is called a
representation of the Lie algebra of SO(3).

In your quantum mechanics class you presumably used ladder operators to construct all the finite-
dimensional irreducible representations of the Lie algebra , seeing that they are labeled by an integer
or half-integer j = 0, 1 5,1,3/2,... called the spin and that they have dimension 2j + 1. The representations
with integer spin exponentiate to genuine representations of SO(3) (not just near the identity), and they can
all be realized by taking tensor products of the defining spin-one vector representation and then restricting
to invariant subspaces. The half-integer spin representations are more interesting, here we will focus on the
spin-1/2 representation which is furnished by the Pauli matrices:

%y J, =2 (3.10)

szi = —
Ty 2 2

Exponentiating this representation we have the famous formula

e~ = cos <§> I —i(h-&)sin (g) , (3.11)

where 7 is a unit vector. In particular for a rotation by 27 in any direction we have
e~ — T (3.12)

This is perhaps surprising, because a rotation by 27 is equal to the identity in SO(3). In other words a
spin-1/2 particle doesn’t really transform in a representation of SO(3), even though we saw in the previous
paragraph that it will do so near the identity. The problem is global in nature: the product of two rotations
by 7 is equal to the identity in SO(3), but it is equal to —1 in the spin-1/2 representation. The reason
this can happen is that the group SO(3) is not simply-connected - it has closed loops which cannot be
contracted to a point.

To see how non-contractible loops can cause trouble, let’s write the group multiplication rule as

_ —id 00T (3.13)

We would like to show that . . .
—il1-J =il J 6_i¢(91’ 2)'J’ (3.14)
Which would mean that we have a genuine representation of SO(3). We can build up the left-hand side of

usmg only multiplication near the identity by Startlng at the 1dent1ty and scaling up” 9_1 using a
path 0(s) = 256, with s € [0,1/2], and then “scaling up” 65 via a path 6 = 1 + (2s — 1), with s € [1/2,1].

"This statement is true for any Lie group, it is not special to SO(3). This argument also shows that the Lie algebra has to
be closed under taking commutators, as we saw is the case for SO(3).
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Figure 2: Failure of a group representation due to a non-contractible loop: using multiplications near the

identity we can get from the identity to €917 and then i1 ¢if2J , but this isn’t the same path in the group
as the one we’d use to get from the identity to e*?(?1:%2) and if they can’t be deformed continuously into each

other then they might not give the same answer.

Similarly we can “scale up” the right-hand side of using a path g = 55(51, 52) with s € [0,1]. These
two paths start and end in the same place in SO(3), and if they are continuously deformable into each other
then we can get from one to the other by adjusting the path using multiplications near the identity. If so
then the two sides of must be equal. This would always be the case of SO(3) were simply-connected,
but alas it isn’t and the spin-1/2 representation has taken advantage of it. Formalizing this argument (see
appendix 2.B of Weinberg’s book) gives the first of two very useful mathematical factsﬁ

e For any connected simply-connected Lie group G, every representation of the Lie algebra exponentiates
to a representation of G.

e Every connected Lie group G is the quotient G /T of a unique connected simply-connected Lie group
G which is called its universal covering group, with I' a discrete central subgroup of G. Moreover
G and G have the same Lie algebra, since their group structure near the identity is identical.

What is going on with the rotation group is that we really have{ﬂ
SO(3) =2 SU(2)/Za, (3.15)

where Z5 is the discrete central subgroup of SU(2) consisting of I and —I. The Lie algebra of SU(2) consists
of traceless hermitian 2 x 2 matrices, which of course are spanned by the Pauli matrices, and thus the
Lie algebra of SU(2) is indeed the same as the Lie algebra of SO(3). Non-contractible loops in SO(3) are
precisely those which are obtained from paths in SU(2) which start at an element g and end at —g, see figure
for an illustration. This situation is usually described by saying that SU(2) is a double cover of SO(3).
The half-integer spin representations of the Lie algebra of SO(3) really exponentiate to representations of
SU(2) rather than SO(S)PE]

Before leaving the rotation group there is one other pedagogical point which is worth making. This is
that if we act on the Pauli matrices by conjugation with the spin—% representation matrices we have the

8For a proof of the second see (for example) “Introduction to smooth manifolds” by Lee.

9For people who like topology, the topology of SU(2) is actually just that of the three-sphere S3, and the Z2 map we quotient
by identifies opposite points on this sphere. The topology of SO(3) is therefore that of the real projective space RP2. One way
to see the topology of SU(2) is to notice that a general complex 2 X 2 matrix can be written as nql + 47 - &, and then requiring
this matrix to have unit determinant implies that n% + n% + n% + ni = 1 and requiring it to be unitary requires that ni,...,n4
are real.

10There is a more old-fashioned description of this situation, where one says that the half-integer spins furnish projective

representations of SO(3), meaning representations where the multiplication rule holds only up to a phase.
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Figure 3: Visualizing a non-contractible loop in SO(3). SU(2) has the topology of the three-sphere S?, and
SO(3) is obtained by identifying antipodal points (see footnote [9)). We can therefore think of SO(3) as the
“northern hemisphere” of S? (here represented as S?), with opposite points identified on the equator (which
is an S? but is here represented as an S'). We can make a noncontractible loop starting at the north pole by
going down to the equator, coming out on the opposite side of the equator, and going back up to the north
pole. Try as you might, you can’t contract this loop to the north pole. It is fun to check however that if you
have a loop which traverses this path twice, you can contract it to the north pole! If you know about the
fundamental group, this shows that m; (RP®) = Zj.

vector transformation ]

0T o =i07T Z ( — 0 .7) oj, (3.16)
J

where I emphasize that on the left-hand side we have the 2 x 2 spin-1/2 generators J while on the right-hand
side we have the 3 x 3 spin-1 generators J. In other words the states in the Hilbert space transform in
the spin-1/2 represenation of SU(2), while the Pauli operators transform under conjugation in the spin-one
representation. This is a finite-dimensional model for our field Lorentz transformation formula

UA) o (z Z D, (A ). (3.17)

You should always be careful to distinguish the transformation of the states from the transformation of the
operators!

3.2 Lie algebra of the Lorentz group

We’'ll now discuss the Lie algebra of the (proper orthochronous) Lorentz group SOT(d — 1,1). Recall that
this is the set of d x d matrices A*, obeying

AF LAY 50 = Nap (3.18)
and also
detA =1
A% > 1. (3.19)
Near the identity we can expand
A¥, =68 4+ ew”,, (3.20)

11 This illustrates a general construction in Lie theory: by conjugating the elements of the Lie algebra by the group trans-
formation we can construct a representation of any Lie group acting on its own Lie algebra. This is called the adjoint
representation, so what we learn here is that the adjoint representation of SU(2) is the j = 1 vector representation.
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and at O(e) the condition implies that
Wy +wyy = 0. (3.21)
To identify the Lorentz generator matrices J"*” we therefore want to have that
ez " = SE +ewr, + O(€?). (3.22)

Expanding the exponential, we see that we want

%Waﬁ(j Oy, = wh,, (3.23)

which (imposing antisymmetry in o and ) tells us that the Lorentz generator matrices are
(TP, = —i (o158 — nPrs2) . (3.24)

Here that the o and g indices tell us which generator we are talking about, while the x4 and v indices are
the matrix indices. Via a slightly tedious computation (which you will do on the homework) we can then
compute the Lie algebra of the Lorentz group:

[Ja57 jpa] _ .<napj50 + nﬁojap _ naajﬁp _ nﬂpjaa). (3.25)

Here I've suppressed the matrix indices on J*?, and the commutator is a matrix commutator. Thus if we
wish to construct a representation of SO*(d — 1,1) near the identity, then following our experience with
SO(3) we should look for a set of matrices J*? which obey the Lorentz algebra and then exponentiate
them. This will always give a representation near the identity, and for d > 4 at worst it will give us a
representation of the double cover Spin(d — 1,1) of SOT(d — 1,1). We'll give an explicit construction of
Spin(d — 1,1) in the next subsection.

3.3 The spinor representation 1: general idea

The construction of spinor representations begins with a remarkably clever observation going back to Dirac.
Say that we can somehow find d n X n matrices v* obeying the anticommutation relations

{7} =20 (3.26)

Then the matrices )
—1i

70" (3.27)

obey the Lorentz algebra (3.25)! We can check this using the commutator and anticommutator identities

JHY

[A, BC] = B|A,C] + [A, BIC

[AB,C] = A{B,C} — {A,C}B. (3.28)
We first note that
—i
779 = — (0977 = " 7%])
—i
= 0" =0t = 0 )
= —i(n"Y" —n"YY), (3.29)
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from which we have
[T, [y, P]) = [T, %92 4+ A2 [T AP = [T# APy — AP [T 4]
= i((n”‘*v” — ")y (P — Bty — (P — By — AP (et — 77””‘7“))
= i(n“c’ R I e o e e e e S i O vﬁ]) (3.30)

and thus
[JH, J“ﬂ] = '(n“O‘J”ﬂ + T)VﬂJ“a — n“’@J”a — n”aJ“ﬂ) (3.31)

By exponentiating these generators we therefore can construct a matrix Lie group Spin(d—1,1) C GL(n,C)

with the same Lie algebra as the Lorentz group. We will see soon that Spin(d — 1,1) is a double cover of

SOT(d—1,1) in just the same way as SU(2) is a double cover of SO(3), and it is simply-connected for d > 4.
It will be useful later to note that using we can rewrite our expression as

[JMV’ ,ya] = (jwj)aﬂ ’yﬁa (332)
which shows that v* transforms as a vector under conjugation by the spinor representation matrices:

eiéwuuk]“y,yae%wuut]“y = <€%Wuu«.7uy)aﬁ ’YB (333)

3.4 The spinor representation 2: explicit matrices

We now give some explicit constructions of the y-matrices. The key observation is that in fact when d is
even we have already essentially done so: if we define

7 = iv2x0

’71 = \/iio

V" =V2x,
Y2t = V2x,, (3.34)

witha=1,2,..., %, then substituting into ([3.26]) we find precisely our real fermion algebra

{Xava} = {%av%b} = 5ab

{XasXp} =0 (3.35)
now with a,b=0,1,..., %. We therefore can give an explicit representation of the v-matrices:
V=i, ®I®...01
V=0, 0I®...01
Y =0,8..00,00,IQ...01
Pl =5, ®..00,00,0®...01, (3.36)
where in the third and fourth lines we’ve gone back to a = 1,2,..., % and the 0,/0, appears in the

(a + 1)st tensor factor. For even d we have thus found a 2%-dimensional representation of Spin(d — 1,1).
We can check that it is indeed not a representation of the Lorentz group SO™(d — 1,1), for example from
this explicit representation we have

—1

4[72,73]:1@@3@1@...@1, (3.37)

23
7 2

19



so then N
e T =1 (3.38)

just as for the spin 1/2 representation of SO(3).

We argued in the previous section that this representation gives an irreducible representation of the
canonical anticommutation relations, and so it gives an irreducible representation of the Dirac algebra
as well. On the other hand it is actually a reducible representation of Spin(d — 1,1). The reason is our old
friend fermion parity, which we will here give new name:

'y:i_d'zifyofyl...fyd_l =0,®...Q00,. (3.39)

This matrix commutes with the Lorentz generators J** since they are quadratic in v and therefore have
even fermion parity, and so our 2%/2-dimensional representation of Spin(d — 1,1) breaks up into a 2(d=2)/2
dimensional block where v = 1 and a 2(¢~2)/2_dimensional block where v = —1. These two representations
(when d is even) are called the Weyl representations of Spin(d —1,1).

What about when d is odd? There is then a simple trick: we simply take the ~-matrices we just
constructed for dimension d — 1, and then append v~ = 7. Since v anticommutes with all of the other v*
matrices and squares to one, it is indeed a valid candidate to complete the Dirac algebra for odd d! Since ~y
is now one of the Dirac matrices, it no longer commutes with the Lorentz generators which act on 2?~!. The
spinor representation is therefore irreducible for odd d, and there are no Weyl representations. In general
we can write the dimensionality of the spinor representation as

n =2l (3.40)

where |z is the “floor” function that gives the largest integer which is less than or equal to .
It is worth emphasizing that the representation we have constructed isn’t unique: given any invertible
matrix W we can always define
A = WAt (3.41)

which will obey (3.26]) provided that v# does. Typically the y-matrices are chosen so that 7° is antihermitian
and ~* is hermitian however, in which case we should restrict to unitary W.
To give some concrete expressions, for d = 2 the representation we’ve constructed is

(8 0 () oo

with the v = 1 block being called “left-moving” and the v = —1 block being called “right-moving” (we’ll see
why in the next section). For d = 4 our representation is

0 I 0 I o 0 o 0 o 0

0 __ 1 _ 2 _ T 3 _ Yy _ z

P=(Ga) =G =) (L) ()
(3.43)

For d = 4 this is not the most popular representation however, a more popular one, related to this one by

Vﬁew = W,-y/:lde with

0
? N (3.44)
i

I~
OO ==

is given by

(0 I i 0 o I 0
70:—2(1 0) Wz—z(ai O) 72(0 I)' (3.45)
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Here the block with v =1 is called “left-handed” and the block with v = —1 is called “right-handed”, again
for reasons we will see next time. I'll refer to (3.45|) as the standard representation of the y-matrices in
d = 4. You can check that in the standard representation the Lorentz generators are given by

0i _ 1 (=0 O ii _ N~ L ik (or 0
J _2( 0 Ui) J _;26 0 o) (3.46)
which are indeed block diagonal in the v = 41 blocks.

3.5 Hermiticity and complex conjugation properties of the Dirac matrices

In constructing Lagrangians for fields transforming in the spinor representation, it is important to know how
the v-matrices behave under hermitian and complex conjugation.

We've already seen that we can take 7 to be antihermitian and 4% to be hermitian: using the Dirac
algebra we can describe this as

P = 40440 (3.47)
Indeed we have
(,YO)B _ _,YO
,yO,yz,yO — _71(70)2 _ ,yz. (348)

The complex conjugation properties are more annoying. Returning to even dimensions for a moment, in
our representation (3.36) you can see that 40, v, 72, ~*, ... are real, 43 4%, ... are imaginary, and 7 is real.
Therefore the matriced

By =~%4%.. . 4471 By =B, (3.49)
obey
By B = (—-1)F 4

2y
f a2
ByyBy = (—1) 2 ™. (3.50)
Either of these act as
Bl,QJp,VBI,Q = 7(];2”7 (351)
so we have _ y v _
(honnr™)" = (embon?™) = By getnet™ B, (3.52)

Thus the Dirac representation of Spin(d — 1,1) is unitarily equivalent to its complex conjugate. The two
Weyl representations will also be self-conjugate if 952 is even, while they will be exchanged if d% is odd
(these statements follow from the last two lines of )

To understand conjugation in odd dimensions we again define y%~
define

I = ~, but now the only choice is to

B=r345 . 4472 (3.53)

and we then have i3
By'B™! = (=1)"7 4", (3.54)

12These definitions depend on our choice of representation of the v matrices, but none of the following equations do. Under
a representation change 'y“/ = W~HWT we have B, = W*BLQWT.
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Finally I’ll mention that in dimensions d = 0,1,2,3,4mod 8, we can consistently impose a Majorana
constraint

U* = BV, (3.55)

on an a field ¥ transforming in the spinor representation of Spin(d — 1,1). Here B = By for d = 0,2mod 8,
B = Bs for d = 2,4mod 8 (either choice is allowed for d = 2mod 8, and in fact they are unitarily equivalent),
and B =+%...1'%2 for d = 1,3mod 8. These choices follow from finding a B that obeys B*B = 1, which is
needed for the consistency of the constraint since we must have

¥ = B*)* = B*By. (3.56)

A spinor obeying such a constraint is called a Majorana spinor. In fact whenever B*B = 1, B is a
symmetric matrix (remember it is unitary) and we can do a unitary redefinition of the v matrices such that
B’ =1 or B’ =T this is called the Majorana representation.

Problems:

1. Confirm the expression (3.16) relating the spin-1/2 and spin-one representations of the rotation group.
Feel free to use mathematica to help with the matrix exponentials.

2. Confirm the Lorentz algebra ([3.25) of the Lorentz group starting from the generators (3.24)).

3. Show that for d = 4 if we define J* = 723, 7Y = 73!, and J* = J'2, then the Lorentz algebra ([3.25))
implies that J% obeys the SO(3) Lie algebra (3.8).

4. Confirm the equivalence of the two expressions for v in equation (3.39)).

5. Confirm the equivalence of the two representations (3.43) and (3.45) that we’ve given for the four-
dimensional y-matrices.

6. Check the conjugation equations (3.50)), and find explicit representations of By and Bj for the y-matrix
representations (3.42)), (3.43)), and (3.45). Hint: for the last representation you will need to use the
transformation in footnote (12]).

4 Spinor field theory

We’ve now learned about the defining spinor representation of Spin(d — 1, 1), which in the way we defined
things is just the set of 20%)_dimensional matrices which can be obtained by multiplying things of the for

i v\ @
Me, = (esww’“ ) b (4.1)

with w,, real and antisymmetric and
i
= =1l (12)
We’d like to now introduce quantum fields that transform in the spinor representation. Such a field is called
a spinor field, and if there is only one of them it is conventionally denoted ¥*(z). We can write the Lorentz
transformation of ¥ as

UMW (2)U(A) = > D% (M)W (A '), (4.3)
b

13Tt would be easier if we could just define Spin(d — 1,1) to be the set of matrices of this form, but unfortunately for general
noncompact Lie groups the exponential map from the Lie algebra to the Lie group is not surjective so it is necessary to include
products of exponentials to get a group. This is not just pedantic nitpicking, for the physically relevant cases of Spin(2,1) and
Spin(3,1) the exponential map is indeed not surjective.
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where the symbol A now means an element of Spin(d — 1,1) rather than an element of SO (d—1,1). U(A)
is the unitary tranformation which represents A on Hilbert space, D% (A) is the matrix representing A in
the defining spinor representation of Spin(d — 1,1), and A~'z somewhat heuristically indicates acting on
x with the inverse of the Lorentz transformation which corresponds to the Zo equivalence class of A in
Spin(d — 1,1). To write this last part more honestly, we should first recall in more detail the double cover
relationship between Spin(d — 1,1) and the proper orthochronous Lorentz group SO*(d —1,1):

SOT(d —1,1) = Spin(d — 1,1)/Zs. (4.4)

The Zy we quotient by here is just the overall sign of the matrix in the defining representation of Spin(d—1,1).
We can therefore introduce a quotient map

q:Spin(d—1,1) = SO*(d —1,1), (4.5)

which sends each element A € Spin(d—1,1) to the element of SO*(d—1,1) corresponding to the equivalence
class {A, —A}. We can then write the field transformation more accurately as

U)W (2)U(A) = Y D% (M) ¥°(q(A™)z), (4.6)
b

where now we honestly have A € Spin(d — 1,1) everywhere. Typically however we will follow common
practice and lazily omit the quotient map in the field transformation. Suppressing also the matrix indices,
we have the more elegant expression

UM 0(z)U(A) = D(A)T (A ). (4.7)

4.1 The Dirac Lagrangian

Our goal is now to write down a Lagrangian for the spinor field ¥ which is invariant under , and then
to use it to construct a relativistic quantum field theory with fermions. As we discussed a few sections ago
fermion fields do not have classical limits in the usual sense, since the Hilbert space for a finite number of
fermions is finite-dimensional, so rather than writing down a classical Lagrangian we will aim to write down
a Lagrangian which is already a quantum operator, from which we can construct a quantum Hamiltonian.
In the next section we will see that actually it is possible to have a path integral formulation of fermionic
theories where we integrate over some kind of “classical fermions”, but these are rather tricky objects so to
avoid confusion we will stick with operators for now.

The basic challenge in writing down an invariant Lagrangian is that we need to cancel the spinor trans-
formation of ¥ by contracting it with something. An obvious guess would be to contract it with ¥, where
here I introduce a convention that the symbol “4” takes the Hilbert space adjoint of ¥ and also the transpose
on the spin index. When I write ¥* I will mean the Hilbert space adjoint without a transpose on the spin
index. In other words from the point of view of the spinor index a we should think of ¥ and ¥* both as
column vectors, while we should think of ¥T as a row vector. We therefore might guess that the quantity

oiw (4.8)

is Lorentz (or really Spin) invariant. This would indeed be the case if the spinor representation matrices
D(A) were unitary, but alas they aren’t in general. The culprit is J%, which is antihermitian since we have
Joiyt — _ L0t it
() = =30,

i i i
= 100 = % (4.9)
We therefore need to write the transformation of ¥t as

’ — L, gt
\IIJf :\IJTe 2Wn ,

(4.10)
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which won’t in general cancel the transformation
U = esom g (4.11)
of U. The way out of this quandary is for us to remember our expression
At = A0y a0 (4.12)

for the hermitian conjugates of the y-matrices. This implies that we have

Y0 = 70, (4.13)
and thus . )
i i
T = =2y T = =20 = A (4.14)
Therefore we can convert a J*T to a J* by moving a 7% across it. In particular this means we have
\IJT/,YO — \I/Teféwuwl’“”‘,yo — \IJT,yoeféww,J’“” (415)
so the quantity o
T = wiyd (4.16)
has the simple transformation ‘
T = e swm I (4.17)

In terms of the group elements and including the position-dependence, we have

U (z) = D(A)T(A ')

U (z) = T(A'2)D(A™Y), (4.18)
so these transformations are primed to cancel each other. Spinor Lagrangians are thus typically constructed
out of ¥ and ¥ rather than ¥ and ¥T. In particular we have discovered our first Lorentz-invariant quantity:

TP (4.19)
Before putting this quantity in a Lagrangian however, we should check if it is hermitian:
(T = 04Ty = —Tw. (4.20)

This of course is easily fixed, we can just take our candidate Lagrangian term to be i¥W. As you might
guess this will end up being a mass term for the fermions which are created and annihilated by W.

To get a sensible quantum field theory we of course also want to have terms involving derivatives of the
fields (otherwise the fields at different points don’t talk to each other). Based on our experience with scalar
fields you might guess that a good term to write down is

0, 90"V, (4.21)

but there is a more relevant (in the Wilsonian sense) term that we can write down that has only one derivative
instead of two: -
wAyHo, . (4.22)

To see that this term is Lorentz invariant, we first recall that in the last section we showed (using our new
notation) tha@
D(A™Y)y"D(A) = A* A" (4.23)

14Here we have again abused notation by dropping the quotient map on the right-hand side, where we really should write
q(A)",. From now on we will continue this abuse without further comment.
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We thus have
U'k9, 0" = UD(A )W D(A)A," 9, ¥
= @A“UVUA#”E)U\II
Ty 0,0, (4.24)
SO is indeed a Lorentz scalar. We should also check its hermiticity:
(Ey“auq/)f = au\I/T7“T'yOT\IJ
= =0, 0T09#7970F (4.25)
= 0, Ty (4.26)
This certainly doesn’t look hermitian, or even antihermitian, but it is antihermitian up to a total derivative:
Ty"9, + (Ty"0,0)" = 0, (Ty"). (4.27)

Thus i¥~*9, ¥ will integrate to a real action (and more importantly lead to a Hamiltonian density which in-
tegrates to a hermitian Hamiltonian) provided that our boundary conditions at infinity ensure this boundary
term does not contribute (for example by setting ¥ or ¥ to zero at the spatial boundary).

We therefore can write down our first viable candidate Lagrangian density for a spinor field:

L=—i (U9, ¥ +muV). (4.28)

The overall minus sign is included with the benefit of hindsight: it ensures we will get a Hamiltonian which
is bounded from below. To work out the units of the parameter m, we can use the derivative term (which
must have energy dimension d) to see that the energy dimension of a spinor field is

d—1

(9] = —— (4.29)

Since mPW should have dimension d, this means that m has units of mass/energy:
[m] = 1. (4.30)

The term (4.21) that we considered above has energy dimension d + 1, and is thus irrelevant as promised.
The Lagrangian (4.28]) is called the Dirac Lagrangian, and its equation of motion (for example obtained
by varying with respect to ¥) is the Dirac equation

Y0, ¥ +m¥ = 0. (4.31)

In a moment we will study solutions of the Dirac equation and then use them to construct a quantum
spinor field theory, but it is worthwhile to first mention a convenient notation due to Feynman. In spinor
computations we quite often want to contract some vector or one-form with the y=matrix vector. Feynman
tells us to indicate this by drawing a slash through the object:

P =vyt = vty (4.32)
With this notation we can write the Dirac Lagrangian and the Dirac Equation as
£=—i (TPT + mTY)
U +m¥ = 0. (4.33)

There is a historical comment which is worth making at this point. In some quantum mechanics courses
the Dirac equation is introduced as a kind of relativistic generalization of the Schrodinger equation,
and is solved e.g. in the presence of a background Coulomb potential to understand relativistic corrections
to the spectrum of the hydrogen atom. This idea is deeply wrong however, for several reasons:
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e The Dirac equation accounts for some but not all of the relativistic corrections to the hydrogen atom:
it treats the electron quantum mechanically but not the photon. At higher orders in the fine structure
constant it therefore misses important contributions such as the Lamb shift.

e In this archaic interpretation the Dirac equation was seen as successfully predicting that electrons must
have spin 1/2, for example because attempting to have a spin-zero relativistic Schrodinger equation
leads to the Klein-Gordon equation which does not make any sense when viewed as governing a wave
function. In quantum field theory however there is absolutely no problem with having relativistic
scalars, and there is no reason a priori for the electron to have spin 1/2 (except of course that we know
this to be the case experimentally).

e Taken literally, the Dirac equation predicts the existence of “negative energy electrons”, for which there
is of course no experimental evidence. In quantum field theory these instead become (positive energy)
positrons.

For these reasons (and also others) it is best to discard any “wave function” interpretation of the Dirac
equation: its true physical interpretation is as the equation of motion for a quantum field.

T’ll also mention that from here it is easy enough to write down interacting spinor theories as well. For
example in the Yukawa model of nuclear interactions one has a real scalar field ¢ interacting with a Dirac
spinor ¥, with Lagrangian

! Mg
L= —3 L PO" P — 7¢ =i (VPV + mUV) — igpV . (4.34)

Here U creates/annihilates a nucleon (i.e. a proton or neutron) and ¢ creates/annihilates a pionE In a
few sections we will learn how to do perturbative scattering calculations in this theory, seeing that the pion
creates an attractive force between the nucleons.

4.2 Solutions of the Dirac equation

We’ll now spend some time studying the classical solutions v (z) of the Dirac equation. The first thing to
note is that

2 1 " 1%
I = {07} 0u0 = 0, (4.35)
and thus by applying the Dirac equation twice we have
2 = Fop = —mdyp = m>. (4.36)

Thus each component of ) obeys the Klein-Gordon equation! We therefore can look for positive and negative
frequency solutions of the form

by = u(p)eP Tt (4.37)
Yo = v(p)e  PITw (4.38)

where u(p) and v(p) are 2L%/2)-dimensional vectors obeying

(zp + m) u =0
(ip —m)v=0. (4.39)

15This model doesn’t quite get the pion physics right however, a better model takes the interaction term to be g¢W~W. This
reflects the fact that pions are pseudoscalars, meaning that they are odd under parity instead of even. Either kind of interaction
is still called a Yukawa interaction, and we will mostly study the version with no + since it is a bit easier to calculate in.
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We can also define @ = uf7? and © = v4°, and a little thought shows that these obey
@ (ip+m) =0
(ip —m) = 0. (4.40)

Solving (4.39) explicitly is a bit tricky. We can make life easier by noting that if u(p) and v(p) are
solutions of (4.39) for some particular p, then we have

(iAp +m) D(A)u(p) = (iv" A pu + m) D(A)u(p)

D(A) (iy*p, + m) D(A™Y) D(A)u(p)
D(A) (ip + m) u(p)
0

S

= (4.41)
and
(ifp — m) D(M)v(p) = (iv"A,p — m) D(A)v(p)
= D(A) (i"p, —m) D(A™1) D(A)v(p)
= D(A) (ip —m) v(p)
=0 (4.42)

In both cases in the second line we used the y-matrix transformation (#.23)) with the substitution A — A~
Therefore we can solve (4.39)) for some particular “reference” momentum k, write each other timelike (or
null in the case of m = 0) momentum p as some standard Lorentz (or really spin) transformation L, of k

p= Lk, (4.43)

and then construct solutions of (4.39)) for general p as

). (4.44)

Massive spinor solutions

Let’s first consider the massive case. Then, as in our discussion of the little group back in section 9, we can
take the reference momentum to be in the rest frame:

k* = (m,0). (4.45)
The equations (4.39)) then reduce to
in u(k) = u(k)
i v(k) = —v(k), (4.46)

so we should take u(E) to live in the +1 eigenspace of the hermitian matrix i7" and v(lg) to live in its —1
eigenspace. We can get a physical interpretation of these subspaces by considering the action of the little
group Spin(d — 1) C Spin(d — 1,1) of spin transformations which fix k. Since k is in its rest frame the little
group is generated by the rotation matrices

Y S
J7 = ZW,VJ ls (4.47)
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which commute with 49 since they are quadratic in 4* and 7. If we pick bases u“(E, o), v“(E, o) for the
iv? = 41 subspaces, then the little group must rotate us within these bases:

ZD“G,(A)u“ Zu (k") DL (n) (Ak = k)
> Do (M) ( Zu (k") DL (A) (Ak = k). (4.48)

The quantities ﬁgf[’,@}(A) must themselves form representations of the little group,
DUwv (A DIwvH(Ag) = DI (ALA) (Ak = E). (4.49)

T'included the complex conjugate in the definition of the v transformation because in section 9.2 last semester
we saw that for a free quantum field

Z/ dd » Neor [ua(ﬁ )ag.q " + v (B, o)bL e f”] , (4.50)

the equations precisely give the “intertwining” relations between the little group representation acting
on the fields and the little group representation acting on the particles annihilated by az , or created by b;g
I'll remind you that a choice of representation of the little group is what we really mean by the spin/helicity
of a particle in relativistic quantum mechanics, so a choice of basis for v and v is thus equivalent to a choice
of spin basis for these particles. In particular a nice choice is to diagonalize a commuting set of the rotation
generators, for example J'2,.J34 . .

We can make this all more explicit by restricting to d = 4 and using the standard representation of the

y-matrices. We then have
.o (0 T
iy = < I 0 (4.51)

and )
ij _ L gk for O
JY = 7€ <O Uk) , (4.52)
in particular with
1 (o, 0
12 _ — z
J = 5 <O 0z> . (4.53)
We thus can pick basis vectors
1 0 0 -1
> 0 - 1 1 > 0
u(ka +) = \/E 1 u(ka _) = \/E 0 U(kv—i_) = m 0 U(kv _) = \/E 1 ) (4 54)
0 1 -1 0
which you can confirm obey
iu(k, +) = u(k, £)
iOv(k, £) = —v(k, +)
. 1 -
JPu(k,+) = iiu(k, +)
- 1 -
J2u(k, £) = $§v(k, +). (4.55)

The last two lines here come from (4.48)): they show that u(l;7 +) will multiply an annihilation operator for
a particle of J, = £1/2 and v(k, £) will multiply a creation operator for a particle of J, = £1/2. Thus a
spinor field in d = 4 creates/annihilates particles of spin 1/2.
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It will be useful later for us to note that our spinor basis vectors obey

S u(F 0)a(p, o) = —(p+ im)
Z v(p,o)o(p, o) = —(p —im). (4.56)

The easiest way to confirm these for d = 4 is by direct computation using the standard representation: in
the rest frame we have

S i, oYa(k, o) = —im G §> — 1y —im = —f —im

o

Z v(k,0)o(k,0) = —im (_II II) =m°’ +im = —F +im, (4.57)

> uld,o)u(p,0) = D(Ly)(—k — im)D(L,") = —p — im
> 0(B,0)8(#,0) = D(Ly)(—k +im)D(L, ") = —p + im. (4.58)

Here we have again used .

In fact we can also determine these spin sums (up to normalization) purely by using group theory and
the Dirac equation, which generalizes this argument to any dimension and choice of y-matrix representation.
Let’s first consider the spin sum at the reference momentum. Interpreting v and v each as matrix whose row
index is a and whose column index is o, we can write as

= u(k)Di*
k

Du(Fk)
k) = v(k) D} (4.59)

Du(k)
and the spin sums as vz and vv. Taking the adjoints of these and multiplying by v° we have
a(k)D™" = u(k) DTy = DI Ta(k)
(k)D~' = v(k)ID1y° = DI T5(k). (4.60)

The spin sums therefore must be invariant under conjugation by D(A) with A in the little group of k:

); (4.61)

where we have used the fact that D is a unitary representation of the little group. I now claim that this
implies that when we must have

w(k)u(k) = A+ By° + Cy + DA%y

v(k)o(k) = A"+ B'7° 4+ C'y + D'7% (4.62)
for some constants A, B,C, D, A’, B’,C’, D’. This is because the set of products of y-matrices is actually a
basis (with complex coefficients) for all 2L%/2)_dimensional matrices. One way to see this is to recall that
the set of all products of Pauli operators is such a basis, and it is not hard to see that by using our tensor-

product-of-Paulis representation of the y-matrices we can make any such product. The only such products
which will be invariant under arbitrary spatial rotations are those which involve only 7° and those which
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involve the product of all of the spatial 7's. Recalling that v = i_%’yo ...v% 1 and also that 42 = 1 and
(v2)2 = —1, the only options are the identity, 7%, 7, and v°y. We can then use the Dirac equation in the
forms and l-i to see that C’ C'" =D = D’ =0 and to determine the ratio of A to B and A’ to
B, Conﬁrmlng (4.57) (and thus 1 56))) up to an overall normalization.

It will also be useful for us next time to know that there is a second set of sum rules involving u and v:

Z ﬂa(ﬁ) U)ua (]77 0'/) = —2im(5ggl
a

> (5, 0)0 (5, 07) = 2imbeor
a

> v (5 o)ut (5, 0') = 0. (4.63)

In the matrix language we just introduced, we can write these as

uu = —2im

v = 21m

av =0

u = 0. (4.64)

These rules can of course be confirmed directly from our explicit expressions for v and v, but it is more fun

to get them from group theory and the Dirac equation. The third and fourth are easy: in the rest frame u

and v are eigenstates of the hermitian operator i7° with different eigenvalues, so they must be orthogonal:
u'v =vlu = 0. (4.65)

Moreover in the rest frame % is proportional to uf and 7 is proportional to v' by (#.46). The result for
general 7 then follows from (4.44)). To get the first two lines we need to do a bit more. Indeed note that by

(4.59) and (4.60) we have
DHguD — %
(DWW igu DIk = o, (4.66)

In other words wu and Tv must be invariant under conjugation by an irreducible representation of the little
group; by Schur’s lemma they therefore must both be proportional to the identity:

uu = A
wv = B. (4.67)
We can determine the coefficients of proportionality using our previous spin sums:
Au = utu = —(p +im)u = —2imu
By = vov = —(pp — im)v = 2imw, (4.68)

where in the last equality for each line we used the Dirac equation (4.39).
It is also useful to consider the quantities of the form wy"u, vy*v, etc. These can be computed using the
Gordon identities:

2imﬂ(ﬁ',0/)7“U(ﬁ,0):ﬂ(ﬁ’,a’)(p“‘+p"+2i(p pa)J“”) (7,0)
2im (5, o)y 0(5.0) = =05, 0) (B + P + 2i(ph, — pa) T (7. 0)

2%ima(@’, o'\ o(F,0) = (@', o) (p/” — P+ 2ipl, + pa)J““>v(ﬁ, o). (4.69)
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In particular setting p* = p’* in the first two of these and p’= —p” and taking the yu = 0 component in the
last one these become

ﬂ( D, U/)’y“u( 0, 0) = —2p" 054
v(p, o)y (P, o) = —2p" 6o
ul (p, 0" )o(=p,0) = 0, (4.70)

which we will use next time. To derive the first Gordon identity, note that by the Dirac equation (4.39)) we
have

ima(p, o'y u(p. o) = (5 o' )y pu(p. o)
1 —( = a a —
= 5patl7,0) (12,77} + %77 u(, 0)
(5, o) (1 = 2ipa " ) u(F, o) (4.71)

and

ima(p’, o' )y u(p, o) =

(7,0 W ulf, o)
pati(F, o) ({77} + 7% Ju(7. o)

#,0) (p/“ n 2¢p;Jaﬂ)u(ﬁ, o). (4.72)

o= g

gl

Adding these together gives the first line of (4.69). The other two lines are derived similarly.

Massless spinor solutions

We’ll now repeat this analysis for the massless case, being somewhat sketchier. Taking the reference mo-
mentum to be

k" = (k,0,0,....k) (4.73)
with k& > 0, the Dirac equation (4.39)) tells us that we want

(1471 =) ) = (3% =) ol = )

The matrix 74! —~4° is not hermitian, and in fact it does not have a complete set of eigenvectors. It does

however always have a set of 2L4/2]=1 linearly-independent eigenvectors with eigenvalue zero. One way to
see this is to instead consider 4! — 4°, which is related to v4~' —~° by a rotation, and which in our tensor
product representation is just

(0p —ioy) @I®...® 1. (4.75)

The matrix in the first factor is just ((2) g) , which annihilates the vector ((1)> , so the tensor product of <(1)>

with any basis vector on the other factors is an eigenvector of eigenvalue zero. These 2L%/21=1 eigenvectors
transform in the spinor representation of the little group SO(d — 2).
We can make this more concrete by considering specific dimensions. For d = 2 (4.74]) just reads

(7' =) ulk) = (' =2°) v(k) = 0. (4.76)

Multiplying on both sides by 7°, we get

V= —v 4.77
gl ; (4.77)



which confirms our notation from last time that a right-moving solution has v = —1. If we instead take the
reference momentum to be k* = (k, —k) then we see that a left-moving solution has v = 1@ Ford=4a

basis of solutions for (4.74) is

0 0
(k=) = v(F,+) = V2k (1) u(f,+) = o(F. ) = Vak | ] (4.78)
0 0
The signs are again chosen so that
- 1 -
JPu(k,+) = jziu(la +)
- 1 -
JP2u(k, +) = F-v(k, £), (4.79)

2

which ensures that u(E, +) will multiply an annihilation operator for a particle of helicity £1/2, while U(E, +)
will multiply a creation operator for a particle of helicity +1/2 (remember that by definition the helicity of a
massless particle in d = 4 is the angular momentum about its direction of motion). By convention we define
the charge of a field to be the charge of the particle it annihilates, so this is why the upper two components
of a Dirac spinor in d = 4 are called a “left-handed” Weyl spinor while the lower two components are called
a “right-handed” Weyl spinor. The helicity sums again give

> u(o)u(@, o) = v(p,0)v(p,0) = —p, (4.80)

o g

as you will check directly from (4.78)) in the homework, and one can also again establish this generally (up
to normalization) from group theory.

4.3 Summary of spin sum rules

It may be useful to collect in one place a list of the sum identities we’'ve derived.

Y ul,o)u(p, o) = —(p + im)

g
=
=
Q
=1
=0
2

|

= —(p—im)

u(p, o)u(p,o’) = —2imdyq
(P, o)v(p,0’) = 2imby e
u(p,o)v(p,o’) =0
v(p, o)u(p,o’) = 0.
a(p, o' I u(p, o) = —2pH g0
o(p, o' )y (P, o) = —2p" 300
ul (7, 0" )o(=p,0) =0
v (p, 0" )u(—p, o) = 0. (4.81)

All of these hold in general dimensions and arbitrary representations of the v-matrices, both for massive and
massless spinors.

16The d = 2 case is a bit special because the little group is SO(0) = Za, so the nontrivial element can’t be reached by
exponentiating an infinitesimal rotation. We thus need to solve the equation seperately for right and left moving solutions.
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Problems:

1. Show that in even dimensions the interaction ®U~yW¥ between a real scalar and a Dirac spinor is Lorentz-
invariant and hermitian. Show the same for the modified kinetic term iW~@¥, with the hermiticity
now holding up to a total derivative.

2. Confirm the null spin sums (4.80]) starting from our explicit representations for u and v in d = 4, and if
you are feeling brave also try making a group theory argument determining them up to normalization.

3. (Extra Credit) In 3 + 1 dimensions we can classify all the irreducible representations of Spin(3,1)
using a a clever trick. Defining J, = J23, Jy = J3' and J, = J'2, and also K; = J, show that the
quantities A; = 1 (J; +iK;) and B; = 1 (J; — iK;) obey the Lie algebra of two copies of SU(2):

[Ai, AJ] = ieijkAk
[Bi, Bj] = i€i;1. By
[4;, B;] = 0. (4.82)

Therefore any irreducible representation of the Lorentz algebra can be converted to an irreducible
representation of SU(2) x SU(2) and vice versa. Fortunately for us we already know how to think
about irreducible representations of SU(2), they are labeled by the spin j and have dimension 2j+1. To
get an irreducible representation of SU(2) x SU(2) we just need an object with a pair of SU(2) indices,
one transforming in the spin j4 representation and one transforming in the spin jp representation. In
other words we can represent A and B as

Aoty b = Sppr T2,
éa’b’,ab = 6(1(1’ jgi, (483)
where J7 are the three generators of the spin j representation of SU(2). What is the dimensionality

of the spin (j4,jp) representation of the Lorentz group? Can you make a guess for which values of j4
and jp give the scalar, Weyl spinor, and vector representations of Spin(3,1)?

5 Quantization of the Dirac field

We’ve now set up the formalism for a quantum field ¥ transforming in the spinor representation of Spin(d—
1,1), with the Dirac Lagrangian B
L=—iV(J+m)V. (5.1)

In this section we will use this Lagrangian to construct a free quantum field theory and compute its correlation
functions.

5.1 Canonical anticommutation relations

According to the Dirac Lagrangian, the canonical conjugate to ¥ iﬂ

M= Z—g = —iwi(y%)? =l (5.2)

17This is less obvious than it appears, since ¥ and ¥ are anticommuting so we might worry about the overall sign of this
derivative. The correct rule, as we will see in a moment when we check the Dirac equation, is that we should think of the
derivative as acting from the right and re-order any anticommuting variables so that the one we are differentiating with respect
to is on the right. We will see such manipulations in more detail when we discuss the fermionic path integral.
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We can therefore guess that ¥ and ¥' at equal time should obey the canonical anticommutation relations
{w(t,3), ¥ (8,9} = 0
{wet(t, ), v"(t,.9)} = 0
{we(t,@), ¥ (t, 7)) = 676417 — ), (5.3)

and also that the Hamiltonian density should be given by
H= Ha\i/a — L= ZW (7261 + m) v, (54)

It isn’t clear that these guesses are correct, since after all there isn’t really a sensible classical theory of the
Dirac field, but we will now see that the quantum theory we construct from these anticommutation relations
and the Hamiltonian is quite sensible indeed. When we discuss the fermionic path integral in the next
section we will see a more systematic way to go between classical Lagrangians and quantum Hamiltonians
in fermionic systems.

As a first sanity check we can confirm that with this Hamiltonian ¥ indeed obeys the Dirac equation:

U (t, %) = i[H, U (t, ©)]
= i/dd’lx’[H(t,ﬂ),‘I’a(tvf)]
_ /ddflx/{qﬁb(t’j"), Tt )} (7' + m))bc Ue(t, 7)
= (0010, m)" (1, 7), 59

and thus _
Y200V + (70; +m)¥ = 0. (5.6)

In going from the second line to the third line of (5.5)) we use the anticommutator identity
[AB,C] = A{B,C} — {A,C}B. (5.7)

Since ¥ obeys the Dirac equation, we can expand it in the set of solutions we constructed in the previous
section:

dd 1 7 —i(PE—wy
Z/ (2r)d-1 = QW[ (5, 0)apoe' T 4o (7, 0)bL e P m}, (5.8)

where az, and by, are operator coefficients for our solutions and as usual wy = +/|p|? + m2. To isolate the
operator coefficients, let’s first take the Fourier transforms of ¥ and ¥t:

/dd—lx (0, e~ iP% — ZF( 7.0 Vg + o(~7,0 W ) (5.9)
>

[ a-raio. e

Using our spin sum rules

( (7,0")al ., + ol (7, U’)b,ﬁ’(,r). (5.10)

ul (B, o)u(F,0') = 20585,0
UT(p; J)’U(_: U/) = QWﬁdo,a’
ul (P, 0)v(=p,0") =0
vl (=7, 0)u(p,0’) =0, (5.11)
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we can extract the operator coefficients as

7,0) (0, T)e 7T

1
o = d =zl (p,
D /72%7/ (p
1 L
T _ d—1 T — — —ip-T
a. = d* x U0, Z)u(p, o)e
o= g [ w0
b 1
Do = Ry

1 d—1 - N i
b;ya = \/ﬂﬁ/d vl (F,0)V(0,7)eP?.
Our goal is now to compute the anticommutators of the a’s and b’s using the canonical anticommutation
relations (5.3). Many of these vanish automatically by virtue of only involving W’s or only involving W1’s.
There are four nontrivial anticommutators that we need to compute:

T

=

/ddilx (0, 2)0(p,0)e

8y

(5.12)

1 A Y
{ap.0 0% .} = /dd Led? e Wl (5, 0){ W (0, 2), 10, 2") u(p’, o' )P T TP
P p 1/2wp1/2wp
1 5 _,
= o) — Pt oJu(i o)
P
= 2m) 1 (P - )bo.or (5.13)
and
{aﬁa>bﬁ’ U’}: ; ! /dd lxe_l(p—i_p)l T(p ) (p J)
’ ’ \/20.)17\/2&)[3‘/
1 lede1/= | = . .
= 5@+ )l (7, 0)u(—5, o)
P
=0, (5.14)
and similarly
{bﬁ#ﬂb"’ }_ (27T)d 15d 1( _@60 o’
{al . bL .} =0. (5.15)

Thus we see that the a5, and bz, obey the anticommutation relations for two independent sets of fermionic
particles, with the convention being to say that at creates particles and b; creates antiparticles. The one-
particle states created by acting with these on the vacuum carry a little group index o just as we anticipated

in the last section, and in particular for d = 4 they are spin-1/2 particles. In quantum electrodynamics a;cf

creates an electron and b;ﬂ creates a positron.
g
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5.2 Calculation of the Hamiltonian

To validate this particle interpretation of the canonical anticommutation relations, we need to compute the
Hamiltonian. Indeed we have

H =i [ d 12T (+'0; + m)¥
i / 41w (0, 2)(0, 7)
dd 1 dd 1 / 1 C ot =t a/ Y
_ d—1 i ip’-Z Tt -Z
z/d xZ/ 2)d- 1/ 27)d- 1\/EW( (5,0 )aly ™7 01,0 o)
X lwg X ( — (P, 0)ag . T 4 (P, a)b;’(fe_iﬁ'i)
dd 1
=2 / (a0 = b))
d"'p i i —
:Zo:/WWﬁ(Gﬁ,UCEﬁ}U—Fbﬁ,O_bﬁ,o—) — X7, (516)

where in the last line we have used the anticommutation relation for b and b to exchange their order at
the cost of an infinite negative contribution to the vacuum energy. This divergence is familiar from our
quantization of a free scalar field, we can absorb it into a renormalization of the cosmological constant. Once
we have done so, we see that the Hamiltonian is bounded from below and we can find the ground state,
usually called the vacuum state in field theory, by imposing the condition

aﬁ,a|Q> = bﬁ7g|Q> =0. (5.17)

Particles and antiparticles are then created by acting on the vacuum with creation operators, each carrying
energy wey.

It is interesting to note that the infinite contribution to the cosmological constant is negative for fermions
and positive for bosons. In theories where there is a symmetry between bosons and fermions, one might
hope that these contributions could cancel. This is indeed the case, and theories with such a symmetry are
called supersymmetric theories. Supersymmetric field theories are quite interesting for several reasons:

(1) The automatic cancellation of divergences we saw here arises in many places in supersymmetric field
theories, leading to theories which are much simpler to analyze than their non-supersymmetric coun-
terparts. This makes supersymmetric field theories a wonderful laboratory for exploring quantum
field theory phenomena, especially in the context of strongly-interacting dynamics where traditional
perturbative approaches are useless.

(2) This cancellation also has the possibility of addressing the Higgs hierarchy problem in the standard
model that we mentioned last semester - if bosonic and fermionic contributions to the Higgs mass
cancel in loops, then it is not so puzzling that the Higgs boson is light compared to fundamental
energy scales such as the Planck mass. The experimental constraints on SUSY at the weak scale are
now quite strong however, so this idea seems less appealing than it did a few decades ago.

(3) Supersymmetry arises very naturally in string theory, which so far is our best-understood candidate for
a theory of quantum gravity. Unfortunately this supersymmetry might be broken at very high energy
scales however, so it need not be accessible with near-term experiments.

One could teach a whole class on supersymmetric field theories and supergravity, and in fact Jesse Thaler
is teaching one here at MIT right now! In this class however we will content ourselves with exploring the
simplest supersymmetric field theory in d = 4 spacetime dimensions, the Wess-Zumino model, which you
will do on the homework this week.
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5.3 Symmetries of the Dirac Lagrangian

What are the symmetries of the Dirac theory (5.1)? Poincare symmetry certainly, by construction, but what
else do we have? Perhaps the most obvious symmetry is the U(1) charge rotation symmetry

V' (x) = e10(2), (5.18)

which we can write infinitesimally as
ds¥(x) =iq¥(z). (5.19)

This leaves the Lagrangian invariant, since ¥ and W transform oppositely. The charge ¢ must be an integer
so that a rotation by 27 is equal to doing nothing. The Noether current for this symmetry is

oL
JH = 88 \1155\1! = —qUy"Y, (5.20)

where in computing the derivative we (somewhat heuristically since we haven’t discussed Noether’s theorem
for fermionic fields) again take the derivative to act on the Lagrangian density from the right. We can check
this sign by computing the action of the symmetry charge on ¥:

(Qwe(0,2)] = ¢ / AL (W (0, 7) (0, ), (0, 7)]

_ —q/dd—lx{W(o,f'),q/a(o,f)}\pb(o,f/)

= —q\:[/a((), f)
=1i0sV*(0, T). (5.21)

We can also check the conservation of the current:
OpJ" = —q (0, V"W + WPV) = —qU¥(m —m) = 0, (5.22)
where in the second equality we used the Dirac equation both for ¥ and its adjoint
0, Uy* = mU. (5.23)

It is interesting to compute the charge operator in terms of the raising and lowering operators, this gives
Q :q/ddflxqﬁxp
de- 1 dd—lp/ 1 o o
d—1 tr=r T —ip’ & o=t 1 ip’ T
_q/d LEZ/ d—1 / d—1 (’U, (P , O )aﬁ,’a,e +v (p No )bﬁ/,gle )
et 2m) (2m) 2, /ww5
x (u(B, 7)az o€ + v(F, o)) 7T
dd 1 ;
_qz/ %dl a@ a5 + ol )

dd 1
qu/ o) 1 aq aﬁ,g—bgﬂbﬁ,g) + “o0”. (5.24)

Thus after a renormalization we see that a; creates particles of charge ¢ and bT creates particles of charge

—q, so they are indeed antiparticles. In quantum electrodynamics ¢ is the electrlc charge measured in units
of the elementary charge

e = 1.602176634 x 101 C, (5.25)
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so g = —1 for the electron field and ¢ = 1 for the proton field. In more civilized units we write the elementary
charge in terms of the fine structure constant
e? 1
a= A —.
dweghe 137
We will see later in the semester that the perturbation theory of QED is a perturbation series in «, and since
a < 1 this perturbation series is quite good for many observables.

Another interesting symmetry we can consider is chiral symmetry, which in even spacetime dimensions
acts on a Dirac spinor as

(5.26)

U () = 0 (). (5.27)
Here recall that o
y=i"2 4% . 447h (5.28)
The derivative term in the Dirac Lagrangian is invariant under this transformation:
—i0 T = —iWTem 0917 0q1ei?19 & = —jWie= 0077000119 b = —iTT1Oy19, T, (5.29)

where we’ve used that v anticommutes with v, but the mass term isn’t:
—i UV = —{Te 0010600y = 20y, (5.30)

Chiral symmetry is therefore only a symmetry of the Dirac Lagrangian if m = 0, in which case you can
think of it as a transformation which rotates the upper Weyl component of ¥ as e and the lower Weyl
component of ¥ as e~?4. In the homework you will work out the Noether current and charge for chiral
symmetry.

Finally we’ll discuss CR7T symmetry, which we showed last semester is a symmetry of any relativistic
quantum field theory. Our general expression for the action of CRT symmetry on the set of dynamical fields
is

Ol 8% (x)Ocr T = if* (Dp(RT)%®"(RTx))" | (5.31)
where Dp is the representation of Spin(d) which the fields transform under in the Euclidean path integral,
R is the coordinate transformation which reflects ' — —z!, and 7 is the coordinate transformation which
reverses time. We haven’t yet discussed Euclidean fermions (see the next section), but their transformation
under Euclidean rotations is easy enough to guess: the spinor representation of SO(d) is simply that generated
by the Euclidean ~-matrices

g =0’
V=7 6.3
via the rotation generators _
LV ? v
Tg’ = =710 Vel (5.33)
In particular a Euclidean counterclockwise rotation in the 10 plane is generated by
1
T8 = 1007 (5:34)
so we have o
Dg(RT) = 371 = 5041, (5.35)

as can be confirmed somewhat tediously by using the y-matrix algebra or more easily by working with our
product-Pauli representation. Therefore acting on a Dirac spinor we have the CR7T transformation

Olrr¥(2)OcrT = (17" U(RTx))", (5.36)

where here I've used the convention of writing % for the Hilbert space adjoint that doesn’t transpose Dirac
indices. On the homework you will confirm that the Dirac Lagrangian is invariant under this transformation.
It is also sometimes possible to define separate C, R, and 7 symmetry transformations on Dirac spinors; you
will explore this in the next problem set.
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5.4 Correlation functions

Last semester we learned that the most natural observables in any quantum field theory are its correlation
functions - vacuum expectation values of products of Heisenberg local operators. In a free theory with
quadratic Lagrangian such as the Dirac theory we have been considering in this section, all higher-point
correlation functions can be decomposed into two-point functions. To understand what the theory does it is
therefore enough to understand its two-point functions.
Perhaps the most obvious two-point function we could consider is the expectation value of the product
of two spinor fields:
QU (29) WP (21)]Q). (5.37)

This however vanishes by the selection rule for charge rotation symmetry (i.e. that the charges of the
operators in the correlation function must add up to zero for the correlator to be nonvanishing). A correlation
function which is non-vanishing is

S (g — 1) = (QT(20) T (1)), (5.38)

where we have anticipated that by translation invariance S will only depend on the difference of x5 and
x1. We can compute S% as follows:

dd 1 dd 1 / o,
@ —a / / P (O)ag pal, | (B o)at (7, o
2 = 71) Z 27 )d—1 Qﬂ-dlm\/w (Qlagqag . [Qu(p,o)u’(p",0")

ddl ( )

d*'p 1 : (g —
:‘/ <27)rlﬂﬁ(¢+zm)“bew (r2mm)

= Z(ag — m)abG(l'g — 1‘1), (539)

\_/

where

dd_lp 1 ip-(xo—x
G(za — 1) :/(%)dl%ﬁeﬂa ) (5.40)

is the free scalar two-point function we computed last semester (see section four for an evaluation of this
integral in terms of a Bessel function). This means that the Dirac two-point function S (x5 — x;) has the
same qualitative features as the scalar two-point function: exponential decay at spacelike separation when
m > 0, power-law decay at spacelike separation when m = 0, and a power-law divergence as x5 and x; come
together. As a sanity check we can confirm that when a9 # x; then S%°(x) obeys the Dirac equation:

(O +m)™S% (25 — 1) = i(Fo + m)*®(Fo — m)*°G(xg — x1) = i6°°(0F — m?)G(xy — 21) = 0. (5.41)

We can also compute the two-point function with the operators in the other order, leading to
ddflp 1 b i
_ - - - —q ab,—ip-(z2—x1)
[ Gty
= —2(6/2 — m)abG(l‘l — ZCQ). (542)

(QT (1) T (22)|)

In the scalar case, we saw that in addition to the two-point function it was also natural to discuss the
time-ordered Feynman propagator

Gr(ws — 21) = (QT(22) B (21)|Q) = Ots — t1)(QD(22)B(21)|Q) + O(ty — t2)(QB(21)B(2)]Q). (5.43)

For example we saw that this is what the path integral formulation naturally computes, and also that
this is what shows up naturally when evaluating Feynman diagrams. For fermionic operators however this
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definition of the time-ordered product is not so natural: fermions anticommute at spacelike separation, so if
the time-ordering does not respect this then the quantity we’d define would be singular when x5 and z; lie
on the same time slice. To fix this, we define the time-ordered spinor propagator to be

S8 (2y — @1) = Oty — t1) (T (22) T (21)]) — O(t1 — L )T’ (1) T (22)|). (5.44)
Using (5.39) and we then have

S (2o — x1) = i(Gp — m)a® (@(t2 )Gz — x1) + Ot — t2)G(z1 — xz))
i(9p — m)®Gp(xy — 21). (5.45)

Finally recalling our covariant expression

d .
Gr(zy —21) = d’p ! e (@2—a1) (5.46)
iRz (2m)% p2 + m? — ie '

for the scalar Feynman propagator, we have a covariant expression for the spinor propagator:

dlp i(p+im)* |
D P I iy (5.47)
(2m)? p2 + m2 — ie

SE(xg —21) = /

We will use this expression often in perturbative calculations involving fermions.

5.5 Majorana fermions

In this section we’ll briefly discuss the quantization of Majorana fermions. Recall that a Majorana fermion
is one which obeys the constraint
U* = BU¥ (5.48)

with B being whichever of the two complex conjugation matrices By or Bs obeys BY = B (and thus B*B = 1
since both B; and By are unitary). For example for d = 2 and d = 3 we have

B=1, (5.49)
so the Majorana constraint just says the components of ¥ are real, while for d = 4 you will see in the

homework that we want
_ 0 —’iO’2
B = <i02 0 > . (5.50)

Note that for d = 2 the Majorana constraint separately constrains the left-moving and right-moving compo-
nents of ¥, while for d = 4 it relates the left-handed and right-handed components.
Taking the transpose of the constraint ((5.48)) we see that a Majorana fermion obeys

v =vTe, (5.51)

with
C =By (5.52)

The Lagrangian for a massive Majorana fermion is
L= _%@(mm)xp: —%\DTC((?er)\IJ. (5.53)
The factor of 1/2 is included because the usual Dirac action counts each independent component of a

Majorana spinor twice. Working out the canonical anticommutation relations and the Hamiltonian from
this action is somewhat subtle due to the presence of the Majorana constraint (5.48]), to handle it properly

40



we need a version of the Hamiltonian formalism that deals with constraints. My favorite approach to this
is called “covariant phase space”, which you can read about in my first paper with Jie-qiang Wu, and there
is another approach called “Dirac brackets” which you can read about in Weinberg’s book. Either way the
result is that the canonical anticommutation relations for this theory are the same as for the Dirac theory:

{0, 2), 0(t, 9} = {W°(t, @), B"U(t, )} = 66T — §), (5.54)

and thus
(W (t, %), V0 (t,4)} = B0 (Z — ), (5.55)

and that the Hamiltonian density is given by half of the Dirac result:
H= %@ (v'0; +m) ¥ = %mTc (v'0; +m) 0. (5.56)

To get a sense of what the Majorana constraint means for the particle content of the theory, we can write
both sides in terms of our field decomposition:

dd 1 i ) .
Z/ 27‘1’ d— 1 [u* (ﬁa U)aﬁge_m-z + U*(ﬁ, O’)bﬁ’gew'z}

2wp
dd 1 . .
= Z/ [Bu(ﬁ, o)ag.er" + Bu(p, U)b;(feﬂp'm} , (5.57)
20y ,

so comparing coefficients of e??* and e~ 7' we see that the Majorana constraint imposes a relation between
apo and by . Indeed if we choose the phase of B appropriately, we can arrange for the relationship to simply
be that

a0 = bpo- (5.58)
In other words we can arrange so that
Bu(p, o) = v*(p,
Bu(p, o) = u(p,0). (5.59)

You will confirm this in the homework for d = 4. A Majorana spinor thus creates a fermion which is its own
antiparticle.

Problems:

1. What is the Noether current J* for the chiral symmetry transformation of a massless Dirac
fermion? Write an expression for the Noether charge @ = [ d?12J% in d = 4 in terms of the creation
and annihilation operators for massless fermions. Hint: You will need to work out spin sums such
as utyu = —uy%yu, which you can do in the reference frame by noting that u(k,o) and v(k,o) are
eigenvectors of 7.

2. Check that the Dirac Lagrangian is invariant (up to a total derivative) under the CR7 transformation
(5.36). Hint: you will need to remember that ©¢r7 is antiunitary, but if you do things right you
shouldn’t have to know the complex conjugates of the y-matrices (i.e. you shouldn’t have to use B; or
Bsy). Make sure you also take into account the anticommuting nature of ¥ and W¥f.

3. You should have found on the last homework that for d = 4 we have

By = ((92 32) : (5.60)
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Show that this obeys

Bou(p, o) = —iv*(p, o)
Byv(p, o) = —iu*(p, o) (5.61)

for the u and v we defined in section four. Therefore to get a simple representation of the Majorana
field in terms of these basis vectors we should take our Majorana constraint to be U* = BV with
B = iB5 so that holds. With this choice, compute the Hamiltonian of a Majorana spinor in
terms of the creation and annihilation operators.

. When working four-dimensional spinors many people like to use a notation which more explicitly
recognizes that the spinor representation is reducible. In this notation, called two-component spinor
notation, the fundamental objects are left-handed Weyl spinors v, with a = 1,2. Right-handed
spinor indices are then written with a dot on them, so for example the complex conjugate of v, is
denoted 1. Note that here the bar just means complex conjugate. One then decomposes a Dirac
spinor in terms of two left-handed Weyl spinors as

Yo
U = <6dBXB> , (5.62)

e = (01 é) = ioy. (5.63)

with

This looks a bit nicer if we define )

X* =%, (5.64)
and in general two-component indices can be raised and lowered using e and its inverse —e (there is
also an €*? with the same components at B ). The ~-matrices are then decomposed as

. 0 ot
= — (o’“’dﬁ 6‘5> , (5.65)
with o# = (I,&) and o* = (I, —&), except when 7" appears in the definition of ¥ = Wi+ in which
case it is written as )
0 T (5.66)
=—i . .
7 5.5 0

What is the Dirac Lagrangian written in terms of ¥, and x,? Your expression should only have dotted
indices contracted with dotted indices and undotted indices contracted with undotted indices. If we
impose the Majorana constraint ¥* = BW, what does this say about the relationship between v, and
X! This notation is particularly convenient when discussing supersymmetry, if you are brave you can
try solving the next problem using two-component notation.

. The simplest supersymmetric theory in four spacetime dimensions is the Wess-Zumino model, with
Lagrangian

m2
2
Here @, and ®5 are a pair of real scalar fields, and ¥ is a Majorana fermion. Show that the Wess-
Zumino Lagrangian is invariant under the infinitesimal supersymmetry transformation

1 1 2 —
L= —5@@13“‘1’1 - 5@@28"@)2 - m?q)? - 05— %‘I’(a +m)V. (5.67)

0sPy = i€V
0gPy = a4
(55\11 = (9“(@1 + 7;‘1)2’)/)’)/“6 - m(<I>1 - Z'CI)Q’}/)E. (568)
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Here € is an “infinitesimal Grassman Majorana spinor”, which means you should view it as anticom-
muting with ¥ and obeying the same Majorana constraint as ¥ does. As is usual for a global symmetry
you should take € to be position-independent. You will find it useful to make use of the fact that

CyHC ™t = —#T, (5.69)

6 Path integrals for fermions

Last semester we saw that the path integral approach to quantum field theory is a powerful tool for deriving
general results such as the spin-statistics and CRT theorems, and it is also for deriving the Feynman rules for
perturbative computations of correlation functions and scattering amplitudes. The path integral we derived
last semester however started with the canonical commutation relations for a set of bosonic variables Q¢ and
their canonical conjugates P,. In this section we will learn how to construct a path integral for fermionic
variables U and Z, obeying canonical anticommutation relations. This is a tricky subject, as you will see,
but it is also fun and pays off down the roadlEI

6.1 Review of the bosonic path integral

Let’s first quickly recall how we derived the bosonic path integral. We have a set of M bosonic coordinates
Q" and their conjugate momenta P, obeying the canonical commutation relations

Q°.Q" =0
[Py, Pp] =0
[Q°, Py] = idf, (6.1)

and to start with we are interested in computing transition amplitudes of the form

G(qr,qiits ti) = (ar, trlgi, ti), (6.2)

where |g, t) is a simultaneous eigenstate of the Q*(¢):
Q*(V)la.t) = q"lg,1). (6.3)

Explicitly we have |q,t) = e*f*|q, 0) (there isn’t a sign mistake here, check it). We then constructed the path
integral formalism by repeatedly inserting complete sets of states:

N-1
(g7, trlais ti) = H (/ de> (ar: trlan—1,ty —e)lan—1,ty — elan—2,ty — 2€) ... (g2, t2|qr, t1){q1, ti + €|qi, L),
m=1

(6.4)
where we have split the time interval ¢y —%; into IV pieces of size e. We then used the canonical commutation
relations to show that when e is small we have

de i€ aq,afqafH !
Wbt eat) ~ [ g (Bere ), 6.5)

18Most quantum field theory textbooks just make up the rules for the fermion path integral and then check that they give
the same Feynman rules one derives from the operator approach. The more logical approach we use here, which derives the
fermionic path integral directly from the operator formalism of quantum mechanics, was as far as I know first developed in
detail by Polchinski; you can read about it in appendix A of his string theory book or in section 9.5 of Weinberg. The basic
idea however seems to go back to a 1956 paper by Candlin, with the Grassmann integral being developed more systematically
by Berezin in 1966. My version is a bit more systematic than Polchinski’s, for example in carefully distinguishing between (1|

and (| and being explicit about the supermodule structure of H.
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and thus the path integral expression

N-1 N-1 N-1 a a
(ar,telas ta) =Tim T ( [ @™am ) ] pn exp |ie > o P — 9 H (g, pe)
fHrUfldiy by 5—>0m71 m s (271' ,a 6 +1

n=0 =0 a

i [ Dy eo [ / Car (Zpaa)qa(t) - H<q<t>,p<t>>>] . (6.6)

i

In deriving this we took the operator ordering in H to put all P to the right of all ). We also learned that
we can compute expectation values of time-ordered products as

(45, t71TOLQ(0), P(11)) - - - Op(QEp), P(Ep))lgi, ti) /Dql /Dp01(Q(f1),p(f1))~~0p(Q(fp)»p(fp))

x exp [ | (Zpaa)q'a(t) - H<q<t>,p<t>>ﬂ ,

i

where the O,, are ordered so that all P are to the left of all @), and that we could replace the external states
in this correlation function by the ground state provided that we take ¢; — —oo(1 — i€) and t; — oo(1 — ie)
and then divide by the same with no operator insertions. We will now see how to write analogous formulas
for fermions.

6.2 Grassman variables and fermionic eigenstates

Now let’s consider a set of M complex fermions, obeying the canonical anticommutation algebra

{Te W} =0
{E4,5p} =0
{U, 5} = 05 (6.8)

T’ll remind you that these operators act on a Hilbert space of M qubits, which we can span using the basis
states
|s1...sm) =2t .. . E3F10), (6.9)

where each s; can be zero or one and |[0) = [0...0) is a state annihilated by all of the ¥®.
To imitate the path integral construction of the previous subsection, the first thing we need is a set of
simultaneous eigenstates of the W*. Here we immediately have a problem however: if

Pe|yp) = |y), (6.10)

then we must have (1)*)? = 0 since (V%)% = 0. If 4% is a complex number then this of course just implies
that ¢¥* = 0. We do have one state, |0), which is annihilated by all of the ¥, but this is very far from having
a complete basis of eigenstates to insert in deriving a path integral. To solve this problem we need to invent
a new kind of eigenvalue which can square to zero without being zero.

To build intuition, let’s first consider the case where M = 1. The Hilbert space is just that of one qubit.
The idea is to introduce a formal object 1, called a Grassmann variable, which obeys

{, v} ={v, ¥} ={4,E} =0 (6.11)
and also
$[0) = [0)¢. (6.12)
Note that this implies that
P|1) = ¢E|0) = —E¢|0) = —E|0)¢ = —[1)3). (6.13)
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At this point people often ask “but what is the Grassman variable?” I don’t know a particularly elegant
answer to this question: it is simply a symbol ¥ which obeys the rules I just stated. Given such a variable
we can then define a set of objects of the form

r=a+by, (6.14)

where a and b are complex numbers. The set R of all such objects forms what mathematicians call a ring:
we can add and multiply elements in the obvious way

(a+b)+ (c+dp) = (a+b)+ (c+d)
(a+bY)(c+ dv) = ac + (ad + be)yp, (6.15)

but there is in general no multiplicative inverse (what would ¥~! be?). We then introduce an extension H
of the qubit Hilbert space H we started with, which allows superpositions of |0) and |1) with coefficients in
R. Mathematicans would call H a module over the ring R, and in fact it is what is sometimes called a
supermodule since we can write it as the direct sum of a submodule with Grassmann weight zero and a
submodule with Grassmann weight one. In this accounting commuting objects such as |0) and any complex
number have weight zero, while anticommuting objects such as ¢ and |1) have weight one. Weight zero
objects also commute with weight one objects. The reason we introduce the Grassmann supermodule H
over the physical Hilbert space H is that it contains nontrivial eigenstates for W. Indeed if we define

[v) = 10) — ¥[1), (6.16)

we can easily check that
V) = ¢[0) = ¥ (10) = ¢[1)) = P4, (6.17)

where we used that ¥|0) = 0, ¥|1) = |0), and the above rules for manipulating ¢. Note that |1)) has weight
zero, so we can commute it freely with anticommuting objects such as 1.
Extending this construction to general M is not difficult, we introduce M Grassmann variables 1) obeying

{90} = {v% 0 = {¥*, 5} =0 (6.18)
and
¥10) = |0)”. (6.19)
We can construct a simultaneous eigenstate of the ¥ in the Grassmann supermodule as
) = (1 —9'E1)... (1= ¢MEN)[0), (6.20)

which again has weight zero. The easiest way to show that this is an eigenstate is to first observe that for
some fixed b (not summed over) we have

U1 —pP=y) = * + P ({0, 5} + E,07) = (1 — ¢'5,) (T + 579°) . (6.21)

Thus when we act on |¢) with U it moves freely through all the factors not involving ¥*, and when it meets
the factor (1 — ¥°Z,) (again with no sum on a) then it generates two terms: one where ¥* moves through
freely and the other where it is replaced by a factor of ). The former term vanishes since when ¥* moves
through the rest of the factors it meets |0) and annihilates it. We thus have

W h) = p*[1h). (6.22)
It will also be useful for us to work out the action on [¢)) by a product of some of the ¥%, this is given by
P W) = Lt ). (6.23)
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There is no sign on the right hand side since, although we have to move each ¥ through the eigenvalues of
the WU’s to its right, we then have to move the eigenvalues back.

The Hilbert space H has an inner product, and it is natural to also define an inner product on the
Grassman supermodule. Given |¢1), |¢2) € H and 71,72 € R, the inner product on H is defined to obey

([¢1)r1, [P2)r2) = 11{P1|d2)r2. (6.24)

The inner product on general elements of H is then extended from this by linearity:

(1) + [W1)s [2) + [99)) = (14h1), [4h2)) + (I9h), [95)) + (11), [o2)) + ([¥1), [¥5). (6.25)

Note that this construction requires us to know how to take the complex conjugates of Grassmann variables.
We thus need to designate whether each Grassman variable is real or complex: if ¢ is real then (of course)
we have ¥* = 1, while if ¢ is complex then * should be treated as an independent Grassman variable.
Moreover the action of the complex conjugate on products of Grassman variables is defined to obey

(P1?)" = Pt (6.26)

To construct the path integral we also need “bra” versions of the eigenstates of ¥*. A natural guess
would be that these should be the duals of |¢) with respect to the inner product we just defined on the
Grassman supermodule ﬁ, but this doesn’t actually work. The reason is simple: in fermionic systems W
doesn’t necessarily anticommute with its adjoint, e.g. for a Dirac spinor ¥ and ¥ are canonical conjugates,
so its left eigenstates don’t need to be the duals of its right eigenstates. What we need for the path integral
construction, as we will see in a moment, are really the left eigenstates rather than the duals. A better
approach is to first introduce a bra (6| € H, which is defined by saying that it obeys

0|2, = (6.27)
for all a and also _
(0]0) = 1. (6.28)
These equations imply that <6| has weight zero,
$(0] = (0]v", (6.29)
since we have B B B
¥*(0]0) = (0]0)3* = (0[¢*]0). (6.30)
We can get a complete basis for the bras as
(s1- - sar| = (O]T5 .. W5, (6.31)

so in particular note that (0] = (O/\_/O\ The relationship between (0| and the dual of |0) depends on our
choice of inner product. In the standard inner product, where =, = ¥*!, we simply have <6| = (0|. In the
ghost inner product, where ¥* and Z, are hermitian, we instead have (0] = (1...1|. We will organize our
presentation so that the only properties we need of <6| are and 7 so the formulas we write will
be valid for either choice of inner product. We therefore won’t actually need to use the inner product we
constructed on H, although it is still good to know about it.

We’ll now construct a left eigenstate of ¥ in the single-fermion case with M = 1. Deﬁningjﬂ

(W] = —(01w(1 - Z¢) = — (1] + (Ol (6.32)

19Note that in the standard inner product (1| indeed is not the dual of the |1} we constructed in (6.16). It s however the
dual in the ghost inner product, since in the ghost inner product ¥ is hermitian. Note also that with the ghost inner product
we should take 1 to be a real Grassman variable, while for the standard inner product it is complex.
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we can check that

(Ww = —(Ty = (], (6.33)
So (1| is indeed a left eigenstate of . We can generalize this to M fermions by defining
(] = (—1)YMOEM .. W' (1 —2Y). .. (1 —EppM), (6.34)
which obeys _ _
(V[¥ = (Ylyp® (6.35)
as you will check on the homework. As for the case of a right eigenstate, we also have
(P UH W = (p™ O, (6.36)

The weight of <1:ZJV| is M mod 2, so we have to be careful moving it past anticommuting objects. It will also
be useful for us to know that

(W) = (™M — My — b, (6.37)

which you will also check on the homework. We will see in the next subsection that the right-hand side of

-,

this equation is the definition of the Grassmann é-function 6™ (¢ — 45).

6.3 Grassmann calculus

In our construction of the bosonic path integral, the actual integrals are over eigenvalues of the bosonic
operators @ and P,. In a fermionic theory we thus we need to learn how to integrate over our Grassmann
eigenvalues ¥®. It is also useful to think about how to differentiate with respect to a Grassmann variable,
for example since we will introduce Grassmann sources for fermionic operators in the path integral and then
want to differentiate with respect to these sources to bring down fermionic operators in correlation functions.
Let’s first consider the calculus of a function f of a single Grassman variable . Since 2 = 0 this function

will automatically be linear:
f(0) =a+ 0b. (6.38)

Here a and b can be complex numbers, but we’ll also allow them to depend on other Grassmann variables.
It is quite natural to define the derivative to be

a _
o~

What about the integral? This is less clear, but the right definition is that it is the same as the derivative:

b. (6.39)

/ dof(6) = b. (6.40)
One way to motivate this that we would like the integral to be linear in the sense that
[0 r@)+96) = [avse)+ [ dogeo). (6.41)
and we’d also like the integral of a total derivative to vanish:
daf
— 42
/ a0 =0 (6.42)

These two conditions tell us that
/d&f((‘)) =M\ (6.43)

with A some general f-independent constant. We might as well take A = 1, since otherwise there is no
natural way to choose it.
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There is an interesting feature of the behavior of the Grassmann integral under linear redefinitions of the
integration variable. Indeed say we have a change of variables

0=00c+d, (6.44)

with ¢,d € C. We’d like the integral to be invariant under this change of variables, i.e. to have

/ a0 f(0) = / 01 (). (6.45)

/d@f(&’c +d) = /d9 (a+db+6'ch), (6.46)

We can write the right-hand side as

S0 to get this to be equal to b we need to define the measure transformation to be
1 /
do = —do'. (6.47)
c

This is the opposite of the usual transformation of the measure under a linear change of variables.
Let’s now generalize to N Grassman variables 61,...,0x. A function of these variables now has the more
complicated Taylor expansion

f(&l,...,HN) = ay +01a1,1 —|—...—|—0Na17N +...+0N...01ayn. (6.48)

The partial derivatives ai are defined to act on f from the left, anticommuting with each 6,, with m # n

until they meet a 6, which they then replace by one. So for example

0

——2010505 = —20,05. 6.49
892 1V2V3 1Y3 ( )

On terms with no 6, a% gives zero. The integral is defined as

/d91 N dHNf(Hla .. .,QN) = 8@1 .. .89Nf = apn-. (650)

Alternatively we can define the integral by iterating the single-variable integral:

/d91...d9Nf(91,...,9N):/d91 (/d@z (.../daNf) ) (6.51)

We can work out the change of variables rule under a linear transformation

= Lymb), +bn (6.52)
in the same way as we did for NV = 1: we want to ensure that

/d@l...dHNf(Gl,...,GN):/del...dQNf((LG’—irb)l (L0 + b))y /da' OO, .. 0.

(6.53)
The highest-order term in the integrand of the middle quantity is

Z Ly - L1 O - O an = Z ()P L oy - - Linyfy - - 0an = det LO)y ... 0an,
M yeney my TESN

(6.54)
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where Sy is the permutation group on N elements and (—1)1’(“) is the sign of 7. Thus for (6.53)) to hold we
need to have

db ..oy = —— Lde' _dly, (6.55)

where again the factor of det L is inverted compared to what it would be for the transformation of an ordinary
integration measure.
It is useful to introduce a J-function for Grassmann integration. This is given by

SN —0) = (0} —On) ... (61 — 01), (6.56)

which you will confirm in the homework obeys

—

/de;...degvaN(§’—9)f( L 0N) = f(6r, ..., 0N). (6.57)
for any function f. This é-function also has a useful integral representation,

SN — ) = (—1)NIN+D/2 / d; ... dEye>aballa=0) (6.58)
To derive this note we can rewrite the right-hand side as

(-1 N“)/Q/dfl LdEn (1= En (O — On)) .. (1= &a(67 — 61)), (6.59)

S0 to get a nonvanishing contribution to the integral we should pick the second term in each factor. The
sign works out from moving each &, past the 8’s to its left.
It will also be useful for us to have a formula for the action of a product of the Z, on |¢). Starting from

(16.20) we have
= = S 9 9
Eay - Za, |¥) = ( 81/)‘11> ( 31/’“") [v), (6.60)

since we can re-order the factors (1 —¢™Z,,) in |1) so that they appear in the same order as the =, and then
use
0

oY@
Using our integral representation for the §-function and switching back to our M-fermion notation we then
have

(1_ a):Ea:_

(1 - 0°Z,). (6.61)

- ~ 0 0
W E, B ) = (] (‘awb) (‘ 9 ,,) i
0

= ((~)Myrar) . (— )Mo <(‘1)M“3¢bl) ((‘1>M+1a¢b ) (')
= (—1)MOM+D/2 / dey .. dEp '™ L Yy, L &, e2a STV (6,62)
6.4 The fermion path integral

We now have all the tools we need to imitate our derivation of the bosonic path integral in fermionic theories.
In particular our Grassmann technology has given us the completeness relation

/ M) (] = / )M (] = 1, (6.63)
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where for future convenience in the second expression we use that |¢)) has weight zero to move the integration
measure between the ket and the bra. We can check this completeness relation by acting on an eigenstate:

( / w’>de'<1Z’|) ) = / dy'sM (0" — )W) = [0). (6.64)
Let’s now use this to get a path integral representation for the transition amplitude:

(g te|, ts) = <M|/|¢N—1,tN—1>deN—l<¢N:\a_t7V—l|~-~/|1/)1at1>dM¢1<ﬁ|¢ivti>a (6.65)

where we have again discretized the time interval ¢t; — ¢; into IV intervals of length e. We can approximate
the inner products at small € using equation ((6.62)):

(W L+ e, ) ~ (] (1 — ieH (W, Z)) [, 1)
= (_1)M(M+1)/2/dM§(1 — ieH(@[J',f))eZa Ea(—9'")

(- / dMgexp lx (zst’;w - H(w’,s)ﬂ : (6.66)

where we have ordered the operators in the Hamiltonian so that all =, appear to the right of all ¥¢. It only
remains to work out the overall sign. Each inner product contributes a Grassmann measure d™,,d™&,,_1,
and since this has an even number of Grassman integrals we can move them all to the left without incurring
any more signs. Thus we have

(W byl i) = lim (—1)MMED/Z / dMeydM gy dM & dMpdM e

N-1 "
com 3 (1D e B e g

=0 a

Q

If you like we can re-order the measure to be

(W, Lylin, ti) = lim (—1) VD2 / dMgodM ™y dM ey 1M Px s

N—1 e .
X exp [ > (Z‘Zﬁa,ew - H(WH,&))] . (6.68)

£=0 a

In both of these expressions we take 19 = 9; and )y = 9y. Typically we won’t try to keep track of the
overall sign, which anyways will cancel out when we use ratios of path integrals to compute correlation
functions, so somewhat more heuristically we can write this as

— ty
P . . i
@ritshéntid = [ Dufl Deexp [ | at(i S atwio - Hw(t),s(t)))] . (6.:69)
ts a

This is our path integral expression for a fermionic transition amplitude! Note in particular that £, is
the canonical momentum, so this confirms the operator ordering in the Legendre transformation we did to
construct the Dirac Hamiltonian.

We can also introduce a path integral representation for time-ordered correlation functions. This requires
us to compute

(Wt + eO(W(1), E() ) ~ (&, t](1 — ieH (U, )0 (V (1), E()) |4, )
— (~pMarn/2 / dME (1 — ieH (1, €))0(1, €)eSe &0 =4

~ (—1)MMED/2 / dMEO(,€) exp [z (zzgw - H(M)ﬂ , (6.70)
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where we have ordered the operators in O so that all =, appear to the left of all ¥*. We then have

(D ITONBE),E0))....Op(W(E). EEDIs i) = lim(~1)V MO/ [ Mg dMy .. aMen-1a vy
% O1((02),£(01) - Oy ((0,),£(5,)

N-1 a  _ .a
X exp [ie (z ZWM — H(Ye41, @))] 7
(6.71)

or more heuristically

tf .
< exp [ [ a(ictoinm - H<w<t>7a<t>>)] .
t; a
(6.72)
Note that if the operators O are fermionic, the antisymmetry in the time-ordered product will automatically

work out due to the anticommuting nature of the Grassmann variables. As in the bosonic case we can
compute vacuum expectation values using an ie prescription:

_ I DUeDEON (), 6(R)) - Op(i(Ey), E(Fy) et =it o0 HHH )

QTO1(U(H1),2(F))...0,(V(F,), Z(E,))|0 —
QUTO(B(E1),20) . Op ((Fy), 2(E,)) 1) Pt T a2
0

)

(6.73)
where you can see that the overall sign in the measure indeed drops out. Note that the quantity on the
left-hand side is completely physical, not requiring any discussion of the Grassmann supermodule H, but we
would have had trouble coming up with the quantity on the right-hand side without it.

For our Dirac theory it is useful to write out the Lagrangian more explicitly. Looking at and
recalling that Z = UT, we have

L =ity — ity (v'0; + m)y = —ih(F + m)y. (6.74)

Thus we see at last that to have a “classical” Lagrangian for a Dirac field, the field variables must be
Grassmann-valued. Note also that when we differentiate this Lagrangian with respect to 1/1 to extract the
canonical momenta m = £ we should take the derivative from the right (see again ), just as we did
when we canonically quantized the Dirac Lagrangian.

6.5 Gaussian integrals

Following our experience with bosonic path integrals, let’s now learn how to evaluate fermionic Gaussian
integrals. The first kind of path integral we want to evaluate, analogous to the Dirac partition function, is

Z[A] = / derdipt ... deydyp™ e AY (6.75)

where A is an M x M matrix. Introducing a change of variables

Y=Y A%, (6.76)
b
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and using the measure transformation (6.55)), we have
Z[A] = det(A) / derdy’™ ... déydy™ e Y
- % det(A) / déydy't .. déppdyp™ (=T M

= det(A) / dy'tdey .. d™dey Epp™ L Gt
= det(A). (6.77)

We can also introduce linear terms:

Z]A,b,b] = / derdipt ... depdip™ e AvHET U (6.78)

where b and b are vectors whose components are Grassmann variables. Introducing the change of variables

Y=y — A"
E=¢ 4+ (A HT, (6.79)

this simplifies to
Z[Av b7 Z)] = /d&dwl . df]v[d¢M efngAi/J,*bTA*ll;
= det(A)e_bTAfli’. (6.80)

By using this expression we can compute correlation functions in the Gaussian ensemble:

Jd&dp? . Ay dpM ey, G e A D 9 9 0 ,oma (6.81)
Jdédpt .. déndyM e=€"AY Oba,, "~ Oba, Dbt " Qb vico
In particular if we apply this to the two-point function we get
deydy! ... depdp™ yogyes Av
Jd&idy S dyp™ Y &e —(A7Y)9,. (6.82)

[ dédyt .. dEpdpM e €T AV
More generally we have

d d 9 d
Oba,,  Oba, 9bbr Qb

T A—17 T A—17 ~ 8 ~ a
—bTA S _—bTA [ a—17yam _(A-liyar
€ =e ( (A7 b))% + o, > ( (A7) + (%al) (6.83)

m

X ((bTAl)bl + 821) <(bTA1)bm + 813) x 1, (6.84)

so to get a contribution which is nonvanishing when b = b = 0 we should only have b-derivative terms for
the first m factors and only have b A~! terms for the second m factors. We have a choice however of which
derivative acts on which b7 A=1, so (as in the bosonic case) we will have a sum over pairings of the a; with
the b;. Due to the anticommuting nature of the b’s and b's however, the pairings will now be weighted by
sign. One nice way to write the answer is as

) o 0 i
Oba, " Oba, b0 Db

A~ b’b,i):o _ Z (_I)P(w) (Afl)albw(l) o (Afl)m .

TESm

(6.85)

7 (m)
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As an illustration of these results we can use the path integral to easily compute the Feynman propagator
of a Dirac fermion. Recalling that = = UT, and taking into account the ie prescription, from the Dirac

Lagrangian (6.74]) we have _
A=—"(7"(1 +i€)0; +~'0; +m). (6.86)

We can invert this to find the Feynman propagator by solving the equation
70 (°(1 + i€)dr +~'0; + m) Sp(z)y° = §%(x), (6.87)

where I've written A~! = —Sp+Y since we defined Sg(z) = (Q|T¥(x)¥(0)|Q). Writing

Sp(z) = / D g (e (6.88)
F = (27.(-)11 FP ) .
the equation we need to solve is
(i7°(1 + i€)po + iv'p; +m) Sp(p) = —1. (6.89)
This is solved by
. _i(p+im)

Sr(p)

which is precisely the covariant momentum-space propagator we found in the previous section but now with
far less work!
We can also evaluate Majorana-type Gaussian integrals. Deﬁnin@

— L 6.90
p? +m? — i€’ (6.90)

Z[A] = /d@[)1 e deNeéquAw (6.91)
with A antisymmetric, we have
Z[A] = Pf{(A) (6.92)

where Pf(A) = v/det A is the Pfaffian of A. There is a sign ambiguity in the square root: it is fixed by
noting that any antisymmetric matrix can be written as A = UT LU, with

0 ay 0
—aq 0 ... 0
3= . . ) (6.93)
0 0
and U unitary, in terms of which the Pfaffian is
Pf(A) =det(U)ay ...an. (6.94)

For an odd number of fermions we have Z[A] = 0, which is consistent with the fact that we only have a
Hilbert space interpretation with an even number of real fermions. Introducing a linear term, we get

Z[A,b] = /dwl L dyPNea? AV _ pr(4)eat" AT, (6.95)

20We restrict to an even number of real fermions, in keeping with our principle that an odd number doesn’t make sense
quantum mechanically. If we nonetheless evaluate this integral with an odd number of fermions we’ll just get zero since the
determinant of an odd-dimensional antisymmetric matrix always vanishes (det A = det AT = det(—A) = — det A).
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6.6 Euclidean path integral for fermions

As in the bosonic case, it is also interesting to consider a Euclidean version of the fermion path integral. We
define Euclidean Heisenberg operators

Eo(1) = T2, (0)e T (6.96)

and then proceed in the same way as before. The only difference is that everywhere we had ieH we should
now write eH, so our final expression for a transition amplitude with operator insertions is now

Gy TONU(T). Z()) .0y W(7,). Zm )i, ) = [ Do DEOLWImL ) 07, £()

< exp [— [ a(Eenive + me,f(r)))] .

i a

(6.97)

The quantity appearing in the exponent is the Euclidean fermion action
Tf .
Se= [ at(3 &ulr)it(r) + H@(r).£(r): (6.98)

There is however one novelty in the fermionic Euclidean path integral related to the thermal trace. Recall
that in the bosonic case we could compute the thermal trace as

[ @atale#Ma) = [ [ Dalippe e, (6.99)
with

B
Sp = / dr (ina(T)q'“(T) - H(q(T),p(T))> (6.100)
0 a
being the bosonic Euclidean action. In other words the thermal partition function is just the Euclidean
partition function with periodic boundary conditions in Euclidean time, 7 ~ 7 + 8. What about in the

fermionic case? Here we are in for a surprise. Let’s try to compute the trace of an arbitrary operator O
using fermionic eigenstates:

14(0) = [ dv(glof) (6.101)

This equation however has an immediate problem: if we compute the “trace” of the identity then we just
get

/ (1) = 67 (0) = 0. (6.102)

How can the trace of the identity be zero? Of course it can’t, to see what is really going on let’s compute
the right-hand side of (6.101)) in the one-fermion case with the standard inner product (so that (0] = (0| and

(Il = (1))
/ dp(F10w) = / dw( — (1] + O[$)0(|0) — w[1))

:/wwwwm—mmm
T (-1)70). (6.103)
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On the other hand we have

/ a(5]0] ) = / av ((0[0[0) - (1/0]1)) = Tr(O). (6.104)

Thus we see that to compute a genuine trace we need to use antiperiodic boundary conditions for fermions,
while if we use periodic boundary conditions then we are computing the trace with a factor of (—1)%" inserted.
This statement is true in general, and so in particular to compute a thermal partition function for fermions
we need to use antiperiodic boundary conditions around the thermal circle.

Problems:

1.

2.

Confirm equation (6.35) starting from the definition (6.34]).

Confirm equation (6.37). Hint: only terms which are proportional to <6|\I/M LUlE L EM|6> =1
contribute, you just need to be careful about the signs.

Confirm equation (6.57). Hint: you will make your life a lot easier if you first note that f(61,...,0y) =
f(0L+ (05 —01),...,0n+ (0)y —On)). Now Taylor expand f in the quantities (6], — 6,,). Do any terms
beyond the lowest order contribute to the integral?

Show for M fermions that [ d™()|O|y) is proportional to Tr ((—1)¥0) and [dM4(¥|O] — ) is
proportional to Tr (O).

(Extra credit x2) In this problem we will study C, R, and 7 symmetries for Dirac fermions.

Let’s first take R to be the spacetime transformation

29 — 20
2V — !
¥ =1 (i >1), (6.105)
and let’s look for a transformation
V'(z) = Dr¥(Rx) (6.106)

which leaves the Dirac Lagrangian invariant. Here D is some matrix which it is our job to find. Show
that the invariance of the Lagrangian (with m > 0) is equivalent to
DD =1
DA Dp ="
DEA%Y D = =%}
D54 D = A0 (i > 1), (6.107)

and also that these equations hold for d even provided that we take D = e“®~y~! with 6z an arbitrary
phase. Argue that for odd d there is no matrix Dz which works.

Now let’s define C to act as
U = Do U*, (6.108)

Show that invariance of the Lagrangian requires

D(Tg’YODC _ _,YOT _ ,yo*
Din " De = 74T (6.109)
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and also show that for d = 0,2,3mod 4 we can solve these by

Bl d=0mod4
De={ Bl d=2mod4. (6.110)
Bt d=3mod4

Also show that there is no solution for d = 1 mod 4.

Finally we’ll define the spacetime transformation 7 to act as

29 — g0
" =2, (6.111)
and look for a field transformation
V'(z) = DY (Tx) (6.112)

which leaves the Dirac Lagrangian invariant. Noting that this transformation must be induced by
an antiunitary operator, which therefore will take the complex conjugate of the v-matrices and the ¢
appearing in the Lagrangian, show that the invariance of the Lagrangian is equivalent to

DEDr =1
D,‘;—’)/O*DT _ 7,)/0
DIAY T Dy = —4%. (6.113)

Moreover show that for d = 0,1,2mod4 these conditions are satisfied for
7198, d = 0mod4
Dr={e%T°B d=1mod4, (6.114)
7198, d=2mod4
and also that there is no solution for d = 3 mod 4.

Finally show that the combination of these three transformations is equivalent up to a phase to the
CRT transformation we defined in the previous section.

7 Perturbative calculations in Yukawa theory

In this section we will compute some perturbative correlation functions and S-matrix elements in the inter-

acting Yukawa theory@

2

L=~ 50,00"6 — "0 i (34 my) ¥ — iggTY. (7.1)

As we mentioned before this theory is a model of a nucleon (i.e. a proton or a neutron) % interacting with
a pion ¢. As also mentioned before, a better model of this is what I’ll call true Yukawa theory:

2
Lirue = = 504606 — "L i (B 4+ my) ¥ — 9670, (72)

The difference between the two has to do with the spatial reflection symmetry R. You saw in the homework
last week that this acts on a Dirac fermion as

V' (x) = "Ry (Ra), (7.3)

21'We should really write Mg 0, My 0, and go to emphasize that these are “bare” couplings, but for now I'll suppress this to
make the equations look nicer.
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which acts on 1t and 1y as

@w)" = ¢y Tyt Oy e = 10 0y e = Py
(@) =Tyt = POy Tyl =~y (74)
In other words 1) transforms as a scalar under spatial reflection while ¥yt transforms as a pseudoscalar.

Thus in order for spatial reflection to be a symmetry, in the theory with Lagrangian (7.1 the R-transformation
of ¢ should be the scalar transformation

¢'(z) = (Ra), (7.5)
while in the theory with Lagrangian (7.2)) ¢ must be a pseudoscalar:
¢/(x) = —p(Ra). (7.6)

In the real world pions are pseudoscalars, so it is the second choice which is correct. Nonetheless the true
Yukawa theory is a bit more annoying to calculate in, and also has Feynman rules which are a bit less similar
to quantum electrodynamics, so in this section we’ll mostly stick with the Lagrangian (7.1]).

Before studying Yukawa theory in detail I must first confess that there is a sense in which it is rather
unnatural. A potential

g3
V($) =10+ 7(}5 +59 +2 ¢ (7.7)
for ¢ would be perfectly allowed by all of the symmetries of the Lagranglan (7.1) (the Yukawa term breaks
the ¢’ = —¢ symmetry of the free scalar theory), and each of these terms is relevant or marginal for d < 4.

Why then have we only included the ¢? term? In fact the other terms are generated by loop diagrams via
renormalization group flow even if we set them to zero in the bare Lagrangian, and so we haven’t really gotten
rid of them anyways. The right way to deal with this systematically is to just include the full potential in the
Lagrangian and allow its couplings to be renormalized as usual. Our main purpose in studying this theory
however is to get some practice with fermions before we move on to studying quantum electrodynamics,
which does not have this problem, and so we will take the more lazy approach of simply assuming that the
bare g1, g3, and g4 couplings have been tuned to cancel whatever contributions to these terms are generated
by loop diagrams. We can thus ignore both these terms in the action and those diagrams@

7.1 Correlation functions in Yukawa theory

With these preliminaries out of the way, our starting point for studying Yukawa theory will be our path
integral expression

[ DEDYDp ... ¢ .. ip... pele
[ DDy Dipeise '

Here I suppressed indices and locations on the right-hand side to save space and S, is the full interacting
action with the time integral evaluated according to the ie prescription. As we did last semester, we will
approximate the numerator and denominator of this integral perturbatively by Taylor expanding in the
interaction term. Let’s first study the denominator:

QT (1) ... B(@m) T (o) ... T (y1) T (21) ... T (2)]Q) = (7.8)

| pouDies ~ > 2. [ povur ( / ddww(w)) ¢S, (7.9)
where ( ) )
oco(l—1e 1 _
Seo = /OO(UE) dt/dd’lx (2 W60 — “L G — i (9 +m) ¢> (7.10)

22The situation is somewhat better in the true Yukawa theory (7.2)), as spatial reflection symmetry now rules out the linear
and cubic terms in the potential since ¢ is a pseudoscalar. The quartic term however still must be included.
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is the free action. I've written ~ to indicate that the perturbation series is divergent and only gives an
asymptotic approximation to the exact answer, as we discussed last semester. We saw in the previous
section that moments in the Gaussian distribution for a fermionic theory are computed by

1 — —b b _ T
Am al 1 m _—ap" A __ _ () —1\a1 —1\a1
Jot A /'Dz/ﬂ)t/}zb B A 1 N 1 R = E ( 1)p (A ) by " (A ) Doy (7.11)

TESm

where I've taken the liberty of changing variables from ¢ to ¥ so A™' is now just the spinor Feynman
propagator S%. Similarly we saw last semester that for a free scalar field we have

A 1T
\/det (;’)/Dwm...%m e 2 A0 =3 ] (A5 a0 (7.12)
& P, (j,k)EP

where P, is the set of unordered pairings of m objects and A" is the scalar Feynman propagator Gp. Note
that the bosonic expression has no sign factor, while the fermion expression does. For expectation values
that involve both bosons and fermions we simply have the product of these two expressions, switching to
field theory notation we have:

A - b, b
deiAV et (ﬁ) [ POPUDT o) 0l () b )T 1) B )

14
= Z Z (,1):0(#) <H S;pbﬂ'(TJ) (yp — Zw(p))> H Gr(zj —zk) | - (7.13)

Pm FES[ (],k?)EPm

As in our discussion of the free scalar theory, we can interpret the terms in this sum using Feynman
diagrams. We now have two kinds of lines: directed lines for spinor propagators, which we’ll draw so
that the arrow points from ¥ to ¥, and undirected lines for scalar propagators. For example in the free
fermion+-scalar theory we have the six-point function

(T (1) (w2 U2 (1) ™ (y)T" (20T (22)) = G (wa—0) [SE" (01 = 2)SH" (v = 22) = SF* (11 — )53 (v — )]
(7.14)

which comes from the two Feynman diagrams shown in figure ] In working out the signs such diagrams it

is convenient to use something called Wick contraction notation, which indicate how the operators in the

correlation function are paired. For these two diagrams the contractions are

™ [ —
(P ) (7.15)
and
™ [ —
(PP ), (7.16)

where you can see that to work out the first contraction no fermion exchanges are needed, while to work out
the second one fermion exchange is needed so there is a minus sign.

We can now evaluate each term on the right-hand side of equation using Feynman diagrams. Each
interaction vertex contributes a power of g¢itp, and then we sum over pairings and permutations and
integrate over the interaction vertex locations. In principle that is all there is to it, but we can streamline
things a bit by thinking some more about the structure of the diagrams we get. First a pleasant surprise: the
Yukawa interaction vertex has no symmetry under permuting the incoming propagators, so it is almost always
the case that each permutation of the interaction vertices in a Feynman diagram leads to a distinct choice
of a pairing P,, and a permutation 7. In other words in Yukawa theory there are almost never symmetry
factors! The only exceptions are disconnected diagrams and vacuum bubble diagrams with no external legs,
and as we will see we rarely actually need to compute these since they cancel in computations of connected
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T
T )

Figure 4: The two free contributions to a six point function (T®®V VW W) in Yukawa theory. The second
diagram contributes with a minus sign since we need to exchange two fermions before contracting them.

Figure 5: The interaction vertex for Yukawa theory.

correlation functions. Feel free to take a moment to go and celebrate. On the other hand we now need to
work out the sign of the permutation 7 for each diagram by permuting the fermions among the interaction
vertices until each 1 is directly to the left of the v it will pair up with. Moreover each interaction vertex has
one fermion line going in and one fermion line going out (see figure , so all the fermion propagators will
be combined together into lines which either go through the diagram from an external ¥ to an external i
(neither of which we have for the denominator ), or else close off into loops. The structure of the Yukawa
interaction is such as we go along one of the lines, we simply multiply the spinor propagator matrices S?,b
together from right to left as we go in the direction of the arrow. In particular for the denominator we
only have loops, and in that case the overall sign is easy to work out: each fermion loop introduces a term
of the form

P(an) .. (1), (7.17)

where the positions are labeled in the order they are encountered going around the loop. Each 1 is thus

contracted with the v directly to its right, contributing no sign, except for the first ¢ which must be
exchanged with the last v before being contracted. Therefore each fermion loop simply contributes a minus
sign to the diagram. We thus arrive at a general formula for the sum of vacuum bubble diagrams:

detA\/@/ZM)Dd;Dweisf Nzgnp%/dml...d% [1 Ge@i—an) |TI| I Setw—=)

D (6,9)eLd LY \(ijeL?,
(7.18)

Here np is the number of vertices in the diagram, (—1)PP is the overall sign obtained by exchanging the
fermions before you contract neighbors (in this case pp is just the number of fermion loops), sp is the
symmetry factor, L% is the set of (unoriented) scalar links in the diagram, L% is the set of fermion lines
through the diagram, and the product of fermion propagators is taken as matrix multiplication from right
to left as you go along each fermion line. As in the scalar case we can simplify this formula by noting that
the sum of all diagrams is the exponential of the sum of connected diagrams:

. _1)pc
detA\/@/DM)U)D?PelSE ~ exp {;Q”C(sli/dxl...dwnc H Gr(zi — zj) H H Sp(x;i — ;)

(i.)eLg, g \GjeLy

(7.19)

59



Figure 6: Leading vacuum bubble diagrams for Yukawa theory. The second and fourth diagrams involve
“tadpoles” where a single scalar propagator ends on a subdiagram which is not connected to anything else.

Figure 7: Canceling the sum of tadpole diagrams with a counterterm linear in ¢.

The connected diagrams up through three loops are shown in figure [} The first two diagrams evaluate to

% /ddxddyGF(x —y) [%’H(Sp(m —y)Sr(y — 33)) - Tr(SF(O))Tr(SF(O))}, (7.20)

where the factor of 1/2 is one of the rare symmetry factors in Yukawa theory that arise when you have no
external legs. You will work out the next four diagrams on the homework.

These diagrams already illustrate the fact that loops in Yukawa theory generate a linear potential term
g1¢ even if we set it to zero in the bare action. This is because the Yukawa theory allows a scalar propagator
to end on some subdiagram that isn’t attached to anything else, for example in the second and fourth
diagrams in figure [f] Such contributions to a diagram are called “tadpoles”. If we add a bare g1¢ term
to the action, we can tune it to cancel all tadpole contributions (see figure . This cancellation has nice
physical interpretation: the linear term generated in the potential causes the expectation value of ¢ to shift
away from zero, so we need to define a new field

¥ (2) = B(a) - (22[9), (7.21)

which by construction has zero expectation value. The Feynman diagrams for ®' are the same as those for
®, except that we no longer include tadpoles. From now on we will not draw any diagrams with tadpoles.
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Figure 8: Leading contributions to the two-point function for a scalar and a spinor in Yukawa theory.

Figure 9: Leading contributions to the connected fermion four-point function in Yukawa theory.

Let’s now consider the numerator in equation ([7.8)), which we can write as
A a a —b —be 7
[ PoDUDT o(a) . ()67 (020" 1) T )

=5 L0 [ DODUDT o01) b)) b )T 1) o) [ o)) e
e (7.22)

The Feynman diagrams for this expression work in the same way as for the denominator, except that now
there are external legs that the fermion lines can begin and end on. The disconnected vacuum bubbles
exponentiate and cancel with the denominator in , so relabeling the external positions to uniformize the
notation we have

QTP (1) ... (@) T (T - T (@i )T Torgpsr) - O (Tomn)| Q)

= Zgné(—l)pé /d$m+24+1 . d$m+2€+né H GF(wz — Jﬁj) H H SF(LL'Z — xj) . (723)
¢

» @ P ;s »
(7'7])€Lé Lé ('LJ)GLC«

Here C is the set of tadpole-free diagrams where each interaction vertex is part of a connected component
which contains at least two external legs. We no longer need to write the symmetry factor since connected
diagrams with external legs don’t have them. The sign (—1)¥¢ is worked out by exchanging the internal and
external fermions so that each 1 is to the left of the v it is contracted with. Fermion loops still each just

contribute —1, so we only really need to work this out for fermion lines which involve the external legs.
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Figure 10: A one-loop correction to the Yukawa interaction vertex.

We can simplify this expression a bit more by instead computing the connected correlation function, also
known as the cumulant. For example

(TT (w0) U (21)T" (y1) T (y2))e =TT (22) T (1) T (1) T (y2)) — (T (21)T " (31)) (TT2 ()T * (y2))
(T (1) T (o) (TT (23) T (1)) (7.24)
For the connected correlation function we then have

(QTD(21) ... B(2) T (Zmse) - T (Trs) T (Tonregt) - T (Tmsoe)| e

= Zgnc(—l)pc /d:l)m+25+1 e d$m+2£+nc H GF(177 - Ij) H H SF(IZ - :Z}j) 5 (725)
C

(4,4)€L, LY \(i,j)eL,

where now C' is the set of connected tadpole-free diagrams. The tree and one-loop diagrams for the fermion
and scalar two-point functions are shown in figure (8] and the tree-level contributions to the fermion four-point
function in figure [0} Evaluating the two-point functions through one-loop gives

(QUTO(22)®(1)|Q) = Grlz1 — x1) — g° /ddyddZGF(ﬂ«“z —y)Gr(z — 1) Tr (Sp(z — y)Sp(y — 2)) + O(g")

(QUT Y (22) W (21)|Q) = Sp(z2 — 21) + ¢° /ddyddZGF(y —2)Sp(z2 —y)Sr(y — 2)Sk(z — 1) + O(g"),
(7.26)

while the two tree-level contributions to the connected fermion four-point function give

(QUE ()T (21) T (1) T (1) |2) o 292/ddzlddZ2GF(Z2 — 21)S3 (w1 — 20) S (21 — 1) S (w2 — 22) 8772 (22 — 2)

— g?'/ddzldszGF(ZQ —21)882 (w2 — 21)SE (21 — y1)SE (21 — 22) S92 (22 — o)
+0(g") (7.27)

At one-loop there are many diagrams contributing to this four-point function. Ten of them involve
replacing one of the propagators in the tree-level diagrams with its one-loop correction as in figure [8, Four
more arise from replacing one of the interaction vertices with a one-loop correction, as shown in figure
Finally there are four “ladder” diagrams shown in figure As you can see the amount of work to compute
higher-loop correlation functions grows quite quickly with the number of loops.

7.2 Correlation functions in momentum space

We are eventually interested in computing scattering amplitudes in Yukawa theory. Last semester we saw
that in quantum field theory we can do this by way of the LSZ reduction formula, which I'll review in the
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Figure 11: Ladder contributions to the connected four-fermion correlation function.

following subsection, and the key input into the LSZ formula is the Fourier transform of the time-ordered
connected correlation functions:

QT (k1) ... Dk )T (kmge) . U (ks )T (kamgosr) - o T (hmgae) | e

— / A2 . d g TN T TR 20 T 20 QT D (21) L D )T (L) o U (Tong )T (Trntg1) e T (Tmgae) | Qe
(7.28)

In perturbation theory these position integrals, and also the integrals over the interaction vertices, can be
evaluated explicitly just as in our scalar theory by using our integral representations

d’p —1 ip(z—y)
Gr(z—y) = / @i T m?z; ¢
dip i(p+im)

for the scalar and vector propagators. As in the scalar case the rules for evaluating a connected Feynman
diagram C' contributing to this Fourier transform are quite simple to remember:

1. Write a factor of g"¢, wnere n¢ is the number of interaction vertices in C.

2. Draw a momentum direction for each internal and external line of the diagram, with the internal
fermion momenta chosen to point in the direction of the arrow on the propagator, the internal scalar
momenta chosen to point in arbitrary directions, and the external momenta chosen to point outwards
for both scalars and fermions.

3. Label external momenta by the momenta in the Fourier transform, and label the internal momenta
imposing momentum conservation at each interaction vertex.

4. Multiply by an overall momentum-conserving é-function (27)45% (k1 + ... + ko).

5. Write a momentum-space scalar propagator

A —1i
G = =7 7.30
R (7.30)
for each scalar line, both internal and external, write a momentum-space fermion propagator
. i(p +im)
Sr(p) = (7.31)

2 2 _ .
p—i—mw 1€
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Figure 12: Momentum labels for the tree-level contribution to the fermion four-point function.

for each internal fermion line and each external fermion line whose fermion and momentum arrows are
aligned, and write a momentum space fermion propagator

. _i(—p+im)

Sp(=p) (7.32)

P2+ mfp — i€
for each external fermion line whose fermion and momentum arrows are opposite.

6. Fermion propagators are multiplied as matrices along fermion lines just as in the position-space corre-
lator.

7. Work out the overall sign of the diagram by counting fermion exchanges as in the position space
correlator.

In the LSZ formula we will want to reverse the signs of the external momenta in the Fourier transform
corresponding to incoming particles, in general the rule continues to be that we should write S”F(p) for
external lines whose momentum and fermion directions are aligned while we should write S 7 (—p) for external
lines whose momentum and fermion directions are opposite.

For example let’s apply these rules to the tree-level fermion four-point function from figure[0] Assigning
momentum labels as in figure [I2] we have

(QITT (k) U (k)T (— k1 ) T2 (k) | = (2m) 64 (K] + Ky — ko — ka)g® [Sglc(k; VS (k)G (ky — )82 () S22 (k)
— S5 (k5) S5 (ki) Grr (ks — K5) S () S (k) .
(7.33)

7.3 Scattering in Yukawa theory

We’ll now work out how to use the LSZ reduction formula to compute perturbative scattering amplitudes in
Yukawa theory. Let’s first recall the general version of this formula:

N —i, 2w _,
<Q|TO/aN (k" ) O/a1 (k/)OlnT(_k, ) ObMT(_k_ )|Q> 7, u® (El o TL/) % n;,Kk;
N N)---UYq 1 1 1)---Ypnr M c ” nj VIR ERAY) k,g 2
K —w S+ms, —e
i ni ki j=1 o’ J n;
k;oﬁwn;’};{i 7
M —1, /2w T
X H z E ub* (k;, 04, n5) X v T
4 1y Y1y (2 kz 2 .
- m — 1€
i=1 e ? + g
X < ! ! /. 'kl / / _ k . 'k +
1,01, M5+ - SRN,ON, TN, | 1,01,N15. - KM, OM, VM, >c~

(7.34)
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On the left hand side we have the Fourier transform
(QUTORN (ki) ... O (k) O (—ky) ... O3 T (—kr )| Q2).e :/ddxl...ddeddxg...ddxgve“ﬁ-w1+~~+“w'wN—iki-wi-m—ikﬁv-m?v

< (QUTORN (2ly) ... O () O (a1) ..o?(wx)mmc
7.35

of a time-ordered connected correlation function in an interacting quantum field theory, where you can see
that we have indeed flipped the signs of the momenta for operators associated to particles in the initial state.
On the right-hand side the Z,, factors are defined by the matrix elements

—

Znu®(k,o,n)

2wn’,;

(Q]0°(0)|k, 7, m) =

<E7 g, nc‘Oa(0)|Q> =

Znv° (K, 0,n°) (7.36)

/2w i

where |E, o,n) is a one-particle state of particle type n, momentum E, and spin/helicity o, n° is the antiparticle

of n, and u® (E, o,n) and v* (E, o,n%) are the objects appearing in the mode decomposition of a free field ®*
with the same quantum numbers as O%:

dd—l 1 ) )
®(z) =) / (ip (07,0, 0)agne ™" + 0 (F,0,0%)a, e (7.37)

27r)d-1 \/Tﬁ

We saw last semester that u® and v® are completely determined by Lorentz invariance up to an overall
factor, which is the reason they appear both in the free field and in the interacting matrix elements ([7.36
(that it is the same Z,, in both lines of is a consequence of CRT symmetry). The arrow in &
means that the external momenta k and &’ are all taken to be close to on-shell, meaning to each be close
to obeying k? = —m? with m,, the mass of a particle of type n. This formula says that as long as the O;
operators have a nonzero amplitude to annihilate particles of type n; (this is measured by the Z factors),
and the O;r operators have a nonzero amplitude to create them (this is measured by the Z* factors), then
the Fourier transform of the time-ordered correlation function has a multidimensional simple pole in this
limit (the factors of and the residue of this pole is the connected S-matrix element

Eaer—r)

k24+m?2—ie
rorr, Ll ’ / . .

< 17017n15~'-akNvaN7nNa_‘klvahnla~'~7kMaUManM7+>C

up to polarization factors involving u and u* and the kinematic factors of v/2w (recall that “+” here indicates
an “in” state and “—” indicates an “out” state). The LSZ formula is completely non-perturbative, and holds
for any stable particles in the theory (e.g. hydrogen atoms in QED or protons in QCD).

In perturbative theories whose spectrum of light particles is close to that of a free theory, we can simply
take O and O to be the fundamental fields associated to those particles. In particular in Yukawa theory
we can use ¢ as the O operator for creating and annihilating scalar particles, ¥ as the O operator for
annihilating fermions and creating antifermions, and ¥ as the O operator for annihilating antifermions and
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creating fermions. The wave function renormalization constants Z, and Z, are defined by

QUUe(0)[F, o, f) = 22 k:0)
wa}];
(.0, Flwe (o)) = 2o k0)
2wf’,;
o zZzut (ko)
(o, f]¥°(0)|Q) =
2wf,E
e zw(Ro)
QT (0)[k, 0, F) =
2wf,,;
- Z
(Q[®(0) [k, s) = —=2
QWSE
o ij;
(k, s|®(0)]) = : (7.38)
20.)5’]-9‘

where u and v are now the ones we constructed by solving the Dirac equation. The frequencies are given by

w, = NATIRES mi
W= 1/|k|2+mi, (7.39)

where mg and m,, are the physical masses of the scalar and fermion particles (not the bare quantities
appearing in the Lagrangian).

In the LSZ formula however we need to be careful about the fact that ¥ is not the complex conjugate of
W. This has no effect for fermions in the final state, but for fermions in the initial state we should multiply
each Of by 7° on the right, which converts each u* on the right-hand side of (7.34) to a @. Similarly since
we are using ¥ as the O which annihilates antifermions, the “Zu” appearing for each final-state

antifermion becomes a Zv. v = 2T W would therefore supply factors of (Zjo)* = Zy~"tv for each initial-
state antifermion, but since instead want to use ¥ to create initial state antifermions we should multiply by
7% on the right and so we should replace Z*u* in the LSZ formula by Z,v for each initial state antifermion.
To summarize, in the LSZ formula for Yukawa theory we have:

7 QWS.E’

e Final state scalar (k’,s|: ®(k') on the left-hand side, Zg (;

TP Tme e on the right-hand side.

o Initial state scalar |k, s): ®(—k) on the left-hand side, Z;,;:_i Vn?:)ji on the right-hand side.
@

—

e Final state fermion (k’,o’, f|: U*(k’) on the left-hand side, Zwu“(k’,a’)(k_,;i V_j:%ie on the right-
hand side.

e Initial state fermion |k, o, f): @b(fk) on the left-hand side, Z;Zﬁb(lg, O’); VIR o0 the right-hand

k24m?2 —ic
side.
- — —a — —1, /2w, 7/
e Final state antifermion (k’,o’, f|: ¥ (k') on the left-hand side, Zjﬁ“(k/,a’)w on the
right-hand side.



Figure 13: Feynman diagrams for 2 — 2 scattering of a fermion and an antifermion.

S iy/2w
e Initial state antifermion |k,o, f): ¥*(—k) on the left-hand side, Z,v®(k, 0) =255 on the right-

k2+m i€
hand side.

Let’s now see what the LSZ formula says about how to compute the S-matrix of Yukawa theory in
perturbation theory. Let’s first consider the example of fermion-fermion scattering at tree-level, for which
we computed the relevant four-point function in equation . We are supposed to take the external
momenta on-shell, in which case each of the fermion propagators in can be approximated as

o oy iptimy) =i u(p,o)ulp, o)

S = ~
r(p) p2+m12p — i€ p2+m12p — i€

(7.40)

I emphasize that the sum rule replacing the numerator by a sum over uu only works when the momentum is
on-shell. Comparing this to the LSZ rules just stated we see that to extract the S-matrix we should simply

replace each final state fermion propagator by a \/77_ (k’ "} and each initial state fermion propagator
Wi

by a u(E, o) (here we are using that Z, = Z4 1 and the physical mass equals the bare mass at

tree-level). The tree-level 2 — 2 fermion connected scattering amplitude is thus given by

1 1 1
\/2wk \/2wk1 \/Zw \/2w

7“1‘(‘12170'/1) (klagl) X u(k2702) (k;,az)
d (ki — K})2 +m2 —ic

— —

- 7iﬂ(k27 02)u(k17 01) X H(k/lv O—/l)u(k;a 02)
(k1 — k)% +m3 —ie '

<kl250—/23f;kllao—llvf‘plaglaf;p230—27f>4 27T dad(k/ +k/ kl - k'2)

(7.41)

Back in our discussion of scattering theory we introduced a covariant amplitude inc which is related to the
connected S-matrix by stripping off the momentum conserving d-function and the annoying non-covariant
factors of | /2w;:. Here we thus have the nice tree-level covariant amplitude

[U(Efl, o u(ky, 01) x Ak, o)ulky, 02)  a(kh, oh)ulky,o1) x u(k}, of)u(ks, 0—2)}

v _ _ia2
iMAFf = 11) =g (n — K% +m2 — ic (ki — R5)% +m2 — ic

(7.42)
It is also important to understand the rules for scattering which involves antifermions in the initial/final
states. For example we can consider 2 — 2 fermion/antifermion scattering, as shown in figure The
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Figure 14: Decomposing a four-point function into a central contribution from the sum of pruned diagrams
contracted with the exact propagators on its external lines.

contribution of these diagrams to the four-point function is
(T ()W (KT ()W (ko) 2) = (2m) 575+ K — ko — ko) [ — S (K852 (k)G (ki — K) 6% (— k) §%°% (— k)

+ S (—ha) S5 (ko) Grr (ks + k) S5 (k1) S5 (—3) .

(7.43)
The signs come from working out the contractions
e |
(bpppppipr)) (7.44)
and
= [T
(pyppppapr)), (7.45)

and the negative momenta in fermion propagators are for the lines where the fermion and momentum arrows
are pointing in opposite directions. Taking these external propagators on-shell, we can use that close to

on-shell we have . .
So(ep) = LEPTImY) S, o(f. )05, )
! p* +mi, — e p? +mi —ie

(7.46)

Comparing this to our LSZ rules we see that to extract the S-matrix we should replace each final state

antifermion propagator by =v.0) and each initial state propagator with —U(ko)

1/2(».1,3, ,/QwE

that Zy, =1 at this order in g). We therefore have the covariant connected amplitude

(here we are again using

a(k', of)u(ki, 01) X 0(ky, o2)v(kh, o) ks, o2)ulkr, 01) x Uk}, of)v(kh, ob)

(k1 —kq)? +m3 — e (k1 + k2)? +m3 —ie

iM(fT = [F) =ig”

(7.47)

Let’s now generalize what we learned in this example to the case of an arbitrary scattering amplitude

in Yukawa theory. The first point to make is that we showed last semester that the full non-perturbative
two-point function becomes proportional to the free two point function in the limit that its momentum goes
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on-shell:
| Z| %5 (Ko + imy)
k% + m?p — i€
—i|Zy 2 S, u(ky, o)u(ks, o)
k3 +m3, — ie
i1Zy |2 3, v(—k2, 0)0(—ky, o)
k% + m?p — i€

(QUTT (ko) T (k1 )| Q) —(27)25 (ks + K1)

= (2ﬂ)d5(k}2 + kl)

= (27) % (ko + k1)

(7.48)

with the very important caveat that the mass m,, appearing here is the physical mass of the fermion, while in
the propagator we’ve been using above it is really the bare mass my 9. As before the exact scalar two-point
function also has this property:

—i|Z|?

(QUTD (k) D (k)|Q) = (27)%5 (ks + T

(7.49)
A general diagram contributing to the correlation function on the left-hand side of the LSZ formula
can be written as a “pruned” diagram with the property that there is no internal line can be cut which
separates one external line from the rest of the diagram contracted with arbitrary diagrams contributing to
the exact two-point function on each of the external legs (see ﬁgure. To compute the scattering amplitude
we therefore simply need to strip off these external exact propagators, except that there is a small mismatch:
removing an exact fermion propagator removes a factor of |Z,|? and removing an exact scalar propagator
removes a factor of |Z,|?, but in the LSZ formula we only want to remove a factor of Zy, 2y, Zy, or Zy. We
therefore have a leftover factor of Z or Z* in each case, leading to the following rule:

i./WC =Sum over pruned connected tadpole-free Feynman diagrams, with overall momentum J-function removed and

with external propagators replaced by the factors shown in figure (7.50)

The minus signs for the external lines involving antiparticles are typically dropped since they never contribute
when we compute the square of the amplitude, so you are free to drop them whenever you compute a cross
section or decay rate, but they need to be there if you want to get the right expression for the S—matrix@

7.4 Extracting the Yukawa potential

Logically the next step should be to compute a scattering cross section in Yukawa theory, but as you will
see this is still a bit involved, so we will first take a slight detour to extract some physics from the scattering
amplitude. The idea is to consider elastic scattering of two distinguishable nucleons, say a proton and a
neutron, due to pion exchange. Since the particles are distinguishable, now only the first diagram in
contributes. The covariant amplitude is thus simply

_iQQH(E/M all)u(kﬁL 01) X H(EIZa G/Q)U(k;a 02)
(k1 — k1)% +m3

iM(ff = [f)= (7.51)
Let’s study this scattering amplitude in the non-relativistic limit where both fermion momenta are small
compared to their masses, in which case we can treat the momenta in u and u as being at rest. From our
sum rules we have

(0, 0)u(0,0") = —2imd, o, (7.52)
and in the non-relativistic limit we simply have
(ky = k1)? = [ky = Ky 2, (7.53)

23Most QFT books (*ahem™* Peskin, Schwartz) don’t write these sign factors, which they can get away with since they don’t
actually work out the LSZ formula for spinor fields and in any case the signs drop out when you square the amplitude. Srednicki
at least acknowledges they are there.
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K4 = Zjuk, o) K|y = —Zy(K, o) =z

—

k = Z¢u(k, 0’) k — —ZJ)E(E, o’) = Z¢

Figure 15: Factors for external lines in computing the Yukawa theory S-matrix. Here the dots indicate the
rest of the diagram, so the top row are final state particles/antiparticles and the bottom row are initial state
particles/antiparticles.

so in the non-relativistic limit this amplitude becomes

S92
4ig mwéahgidgzygé

iMo(pn —pn) ~ (7.54)

[Fy— K42 +m2

We can now compare this to the usual Born approximation for nonrelativistic scattering off of a potential,
which says that the scattering amplitude iﬂ

iM, =~ —dim? x V(K" — k), (7.55)
so apparently we have
2
7 g
V(k)=——%——. 7.56
B =~ (7.56)
You will show on the homework that this is the Fourier transform of the potential
2
- 9" 1 —mylal
Wukawa () = ——— ¢1%, 7.57
Yukawa(¥) = =7~ Eh (7.57)

Note that potential is attractive: the proton and neutron are pulled together by the Yukawa force. This is
what holds nuclei together!

We can also consider the non-relativistic scattering of a proton and an antineutron, which has scattering
amplitude
a(k', o)) u(ky, 01) x B(ka, o2)v(kY, ob)

iMd(pn — pR) = ig? 7.58
(pn—pn) =g (b1 — K2+ m2 (7.58)
In the non-relativistic limit this becomes
—~ 4ig°>m2 04, o1 0, ot
iM.(pTo — pi) A b0 lon 0 (7.59)

[Fy — B2 +m2

24To derive this you need to translate MC back to the S-matrix and remember that in the non-relativistic limit we have

V2w f, ke /2my,.
ST
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with the different overall sign canceling the differing sign from the sum rule (0, 0)v(0,0’) = 2myd, o/, SO
the potential between a fermion and an antifermion is the same as for a fermion and a fermion. In particular
it is again attractive! To get repulsive forces we need to exchange a particle of spin one, as we will see when
we study quantum electrodynamics.

7.5 Cross section for fermion-fermion scattering

Let’s now see how to turn a Yukawa scattering amplitude into a genuine differential cross section. The
general formula for doing this with two particles in the initial state and an arbitrary of particles in the final
state is

(Me(a = B)I?
N
4B By (ijl 2Eﬁ,j>
where Fy and E, are the energies of the initial particles, Ej3 ; is the energy of the jth outgoing particle, and

(k1 - k2)? — m3m}

do(a — B) = uy  (2m)46% (ks — ko) dg, (7.60)

Ug = 7.61
¢ E1E, ( )
is the relativistic relative velocity of the initial particles. Last semester we showed that working in the center
of mass frame ky; = —ko with two particles in the final state we can simplify this to
do 1 1 k43—
ML, (7.62)

Ay 20reer (2m)42 16]k|EZ,,

where |k| is the magnitude of the spatial momentum of either incoming particle, If;nq is equal to one if the
final state particles are identical and zero if they are distinguishable, E;,; is the total center of mass energy

Evot = \/IK[2 +m3 + \/k[2 + m3 (763)

of the collision, and

W) = V(B — (m})? — (m})?)? — 4(m])?(m5)?
2Etot
is the magnitude of the spatial momenta for either outgoing particle. These formulas simplify when the
external masses are all equal, as we then have |k| = |K| and Eior = 24/|k|? + m?2.
Let’s apply this to our f f — f f amplitude in Yukawa theory. This is the fortunate situation
where all external masses are equal, so we simply have

(7.64)

d—4
A S— — (7.65)
dQq_o  128(2m)4=2 |k|2 + mi
Our remaining job is thus to compute the square of the covariant matrix element . Writing the square
isn’t so illuminating if we don’t do anything else, but as we discussed last semester the situation improves
if we sum over the spins/helicities in the initial and final states. This isn’t purely a matter of laziness: in a
typical collider experiment it is hard to measure the spins/helicities of the outgoing particles, and the initial
state particle beams typically are not spin/helicity polarized. To capture this situation we should therefore
sum over spin/helicity in the final state and average over spin/helicity in the initial stateﬁ

_ S odr L [k 3 IM,J2 (7.66)
dQq—s — 221757 = dQ->  128(2m)d-222L°F ) [k[2 +my &= .

dogve 1
d—

251f you are puzzled about why we treated the initial and final states differently, think about the quantum mechanics of the
experiment. A random initial spin is described by a normalized density matrix, for example p = %| W+ %| ™1 | for a
spin-1/2 particle, while a measurement which cannot distinguish between spin up and spin down in the final state is a projection

P=1LE T+ D
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Here we’ve used that the irreducible spinor representation of SO(d — 1) is 2L“7*|_dimensional. In d = 4 this
expression is simply

daave 1 1 A 12
_ 2. 7.67
A 204872 [k[2 +m?) UZ M| (7.67)

/
,O

We can compute the spin sum explicitly using a standard sequence of tricks. We first note that if f and g
are commuting spinors (for us they will always be u or v), then

(fo) = Ty g" = g"" f = —3f. (7.68)

We are interested in computing

SMLE =gty ‘U<’5’1,ai)u<k101) x (kY ohulky, 02)  Tu(kh, ob)ulky, o) x Uk}, of)u(ks, o2) ‘2
£ =8 (hr — K 1%, — ie (hy — R)? +m — ic '

(7.69)
Each of the four terms which arises can be simplified using ((7.68) together with our spin-sum identitie@

> u(o)u(p, o) = —(p+imy)

o

> v(F,0)8(F, 0) = —(p — imy). (7.70)

lea
Indeed for the square of the first term we have (using an abbreviated notation)

E |61/U1ﬂ2/7_l,2|2 = E U U1ULU1 X Uor UU U
0,0

o0’

= Z Tr (ulﬂlulfﬂlz) x Tr (’UQ@QUQ!@Q/)

— T [(%1 + imy) (k’l + imw)} Tr [(}62 + imy) (}6’2 + imw)} : (7.71)

while for the square of the second we similarly have

Z [t uriy ug|? = Tr [(%‘1 + imy) (}6/2 + z'ml[,)} Tr |:(k2 + imy) (,}éll + imw)} . (7.72)

o0’

The cross terms have a different index structure, indeed we have

Zﬂl/ulﬂg/llqﬂl’l,@/ﬂgull =Tr [(}6/1 + imw) (Kq + imy) (}6’2 + im,p) (ks + im,p)} (7.73)
and
Zﬂg/ulﬂl/UQﬂg’UQ/ﬂlull =Tr [(%/1 + im¢> (%‘2 + imw) (k‘; + imw) (k‘l + me)} . (7.74)

To further evaluate these traces we need to learn how to take the trace of a product of y-matrices. This
is sometimes called “trace technology”. Let’s start simple: from our product-Pauli representation of the
~-matrices we clearly have

Tr(y*) = 0. (7.75)

From the Dirac algebra we also have

1 o
Tr (y"9") = 5T ({3",77}) =250, (7.76)

26 Actually here we only need the first of these, but when you compute amplitudes involving antiparticles in the homework
you’ll need the second.
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Things get trickier as we go to more y-matrices, so let’s first take d to be even. We can then show that the
trace of the product of any odd number of y-matrices is zero:

Tr(y.yf) =Te(yy™ .. af)
( )

=Tr (" ..yt
= (=D)"Tr (7. Af )
= (=1)"Tr (4" ...y#). (7.77)

We can also show that the trace of the product of any odd number of y-matrices together with v is zero as
well:

Tr (yy#t . oyfn) = (=1)"Tr (7" . oAtny) = (=1)" Tr (yy# .. 4Mm). (7.78)

For the above calculation what we need the trace of the product of four v matrices: we can compute this as
follows:

Tr (v#9"7*9%) = 20" Tr (v*77) = Tr (v"+*7*9")

=29 Tr (v*97) — 20" Tr (v/97) + Tr (v/7*7"~")

= 2" Tr (v*97) — 20 Tr (v74°) + 20" Tr (v/7*) = Tr (¥#9"7*47) , (7.79)
and thus .

Tr (y19"y*yP) = 2L2] (pnf — g 4 gpelrer) (7.80)
It is useful to re-package these results as statements about the traces of slashed vectors:
Tr () = 2180a b
Tr (dhdd) = 215 ((a ) (e-d)—(a-c)(b-d)+ (a-d)b- c)). (7.81)

Applying these to our spin sums, we have

Z |ﬂ1/U1ﬂ2/U2‘2 = QQL%J (k‘l . k‘ll - ) (k?g k2 1!’)

o0’

Z [Ty w @y us|? = 2215 (ky - k) — mi) (ks - ki —m3)

o0’

g U U U UU U U U = E Ugr U U1 U U2 U2 U UL/

o,0’ o0’

ZQL%J(mi—mfp(kl-kﬁkl-k1+k1-k§+k;-k2+kg-k;+k2-k’2)
- k) (R - ) = (R - o) (k) - R) + (k- Ry (ke - ) ). (7.82)

The spin-summed matrix element squared is therefore given by

> - gty [ (o =) (b s =) (b= ) (b s — )
(k1 — k7)? +m3)? (k1 — k3)? +m3)?
1 1

4 2 / / ’ / ! /
- - ki-ka+ki-ky+ki-ky+ K -kat+ky-ky+ka -k
ol452) (k1 — k1)2 +m2)((k1 — k)2 +m2) (mw i (b ke ke Ry kb Rk Rk ke k)

+ (k1 - kL) (k2 - k) — (k1 - ko) (k1 - k) + (k1 - k5) (ko - ki)):| . (7.83)
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We can evaluate these expressions in the center of mass frame, where

ki = (w, k) (7.84)
ky = (w, —Fk)

K= (w, k)

Ky = (w,—k"),

in terms of which we have

ky-ky = —w?—|E]?
ky k] = —w? + |k[* cos 6

ky - kb = —w? — |k|? cos b
D ky = —w? — |Ek|? cos 0
R

ko - kb = —w? + |k|? cos b
(ky — K4)? = 2|k|*(1 — cosf)
(ky — k5)? = 2|k|*(1 4 cosh) (7.85)

Here is 0 is the angle between k and k' , and we see that the squared amplitude has an interesting angular
dependence. This is quite different from our tree-level 2 — 2 squared scattering amplitude in ¢* theory,
which was just A2, In limit where my = 0 the expression for the differential cross section isn’t too bad, we
have

Z|Mvc|2:g422L%J|k|4 (1 — cos )2 i (1+ cosf)? i
(2[k[*(1 — cos ) +m2)*  (2[k[*(1 + cosb) + m3)?

o,0’

1 1+ cosf

+
2l%5* ] (2[k[2(1 — cos 0) + m3)(2|k[*(1 + cos 0) + m3)

(7.86)

Life is even simpler if we take the fermions to be distinguishable, in which case only the first term contributes
so we have the full differential cross section
dogpe g*|k|42 (1 — cosf)?

_ « , 7.87
Q- 3202m)m (14 2L (1 cos0))? (757
¢

This has several interesting features, for example when |k| < m, the cross section is zero at § = 0 and
peaked at 6 = 7, while for |k| > my it is roughly independent of angle.

Problems:

1. Write out the values of the three-loop bubble diagrams in figure [f] You don’t need to evaluate the
integrals over positions, and I'll forgive you if you ignore the symmetry factors.

2. Write out the contribution to the connected fermion four-point function from the four ladder diagrams
shown in figure You don’t need evaluate the position integrals.

3. Write out the tree-level contributions to the connected fermion four-point function in true Yukawa
theory with interaction —g@yy.

4. Show that ([7.56) is the Fourier transform of ([7.57)).
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5. Compute the tree-level spin-summed/averaged differential cross section for f f — f f scattering (you
can start from the covariant amplitude (7.47))). If you insist you can work in d = 4, and it is ok to
leave it in a form similar to (|7.83)).

6. Compute the tree-level spin-summed differential cross section for ss — f f scattering. Make sure to
include both diagrams which contribute. If you insist you can work in d = 4, and it is ok to leave it in
a form similar to ((7.83).

7. Extra credit: compute the tree-level spin-summed/averaged differential cross section for f f — f f
scattering in the true Yukawa theory with interaction —g¢1vyip. You can work in d = 4.

8 Lattice fermions and the 2D Ising model

In this section we’ll learn a bit about some novel phenomena that arise when we try to put spinor fields on
a spatial lattice. This is not merely a technicality, the issues we encounter are the gateway to a number of
deep theoretical ideas related to anomalies and the renormalization group. Moreover lattice field theory is
a big business, especially here at MIT, and if you aren’t careful you can get in serious trouble with lattice
fermions. Beyond this, we’ll also see that as an added bonus these methods give us an easy approach to
solving the classical Ising model in two spatial dimensions. The original solution due to Onsager is famously
impenetrable, so having an easy approach is quite nice! For this section we will work entirely in 1 + 1
dimensions, as the essential points already arise there and it is the Euclidean version of this theory that is
related to the 2D Ising model 7]

8.1 Scalar field on the lattice in 1 + 1 dimensions

As a warmup, let’s first consider the lattice formulation of a 1 4+ 1 dimensional massless scalar field with
continuum Lagrangian

1
I_ -3 /d(L’ 0 ® ot 0" P cont (8.1)

and continuum Hamiltonian

H= % / da (125, + (O1®eont)?) - (8.2)

The canonical commutation relation id?]
[©cont (0, 2), eont (0,)] = id(z — y). (8.3)
We'd like to define a version of this theory where the field lives only on a spatial lattice, with site locations
T, =an (8.4)

with n € Z. The length parameter a is called the lattice spacing. Since the fields are now labeled by
a discrete parameter, we should rescale them so that the canonical commutation relation has a discrete
Kronecker § instead of a continuous d-function:

D(n) = VadPeoni(an) (8.5)
(n) = \/&Hcont(an)a (8.6)

27Many of the topics in this section are nicely reviewed in two papers by my adviser Leonard Susskind from 1977-1978, I put
them on the course website.

28In this section we will temporarily depart from our convention that x is a spacetime vector with components z* and Z is a
spatial vector with components z¢, as it seems a bit much to write a one-dimensional vector with an arrow. Thus z and y in
this equation are spatial positions, not spacetime vectors.
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in terms of which we have
[(I)(n)a H(m)] = i(sm,n- (87)

These results follow from the fact that in the continuum limit we have the replacements
Za — / dx
1
Edn’m — iz —y). (8.8)

The spatial derivative in the Hamiltonian should be replaced by a finite difference

alq)gont(x) N (I)cont(w + aC)L - (Pcont (LL') , (89)

so in terms of the lattice field the Hamiltonian is

1 I(n)?  (®(n+1)—d(n))”
H_an:a< —+ >

a3

2
- %Z (H(n)2 Lo+ ) - o) ) : (8.10)

a2
We thus have the lattice equations of motion

O(t,n) =i[H,d(t,n))
=1I(t,n)
I(t,n) = i[H,II(t,n)]

_ 2’? ST[@(t,m+ 1) — (t,m)), It n)]

O(t,n+ 1)+ d(t,n— 1) — 20(t,n)

= " , (8.11)
which we can combine to get a lattice version of the massless Klein-Gordon equation:
- D(t D+ d(t,n—1)—2d(¢t
B(1,n) = 2 FD T O(n 1) = 20(n) (8.12)

a
We can understand the physics of this equation by looking for solutions of the form

®(t,n) = Aetkan—iwt, (8.13)
Substituting this expression into (8.12)), we find the dispersion relation

92 _ eika o efika 2
w? = —a = (1 — cos(ka)) . (8.14)
This dispersion relation has the periodicity
2
ko~ k4 2 (8.15)
a

this is because k and k + 2T give the same solution ®(¢,n). We should therefore restrict to k € (—1 ’T]

a a’a
(this range is sometimes called the Brillouin zone). The dispersion relation is plotted in figure There
are two key points to make about this dispersion relation:

(1) For k < % we have w? = k2, so the low-energy modes near k& = 0 match onto the solutions of the
continuum Klein-Gordon equation.

(2) Away from k = 0 there are no other low-energy modes, so the continuum limit works nicely.

Our main point for this section will be that for fermions we aren’t so lucky with point (2).
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Figure 16: The dispersion relation w?(k) for a lattice scalar field, in units where a = 1. Note that the only
low-energy states are near k = 0.

8.2 Lattice fermions in 1 + 1 dimensions

Turning now to spinors, I'll remind you of our two-dimensional y-matrices

G I Y Bt RO )

Thus a massless complex Dirac fermion

. (lpiont> ( )
yeont — o 8.17
vE t
has continuum Lagrangian
L= z’/dac(\I/CL‘mt*((')o — 81)\I/CL°"t + \I/%’"t*(ﬁo + 81)\11%?7”) (8.18)
and continuum Hamiltonian
H=i / da (UPM* 0 WP — WEM O, W), (8.19)
The canonical anticommutation relation is
{wEmH(0, ), U5 (0,y)} = 6i;0(x — y), (8.20)

with ¢ = L, R. The equations of motion are

(9o — D)W =0
(Do + 01) W5 = 0, (8.21)

so U5 ig a function only of ¢ 4+ x, i.e. it is “left-moving”, and U™ is a function only of ¢t — z, i.e. it is
“right-moving”. I emphasize that U5 and U§"™ are decoupled, so we can have a sensible theory which
has only one or the other - field theories in d = 2 with inequivalent numbers of left-moving and right-moving
massless fermions are called chiral theories[2]

29In d = 4 chiral theories are those with inequivalent numbers of left-handed and right-handed massless fermions. The term
is also sometimes used when there are equal numbers but the left-handed and right-handed massless fermions have different
interactions.
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In this section we will be particularly interested in Majorana fermions, which obey the constraint Weont* =
By Weont Here this just means that U5 and ¥@™ are real. The Lagrangian and Hamiltonian for a
Majorana spinor in 1+ 1 dimensions are

=1t / A (W5 (D — 1) W™ + W (3 + 0y ) W™

2
H= / da (W5 0y W5t — WO W), (8.22)
and its canonical anticommutation relation is
{werH(0,2), U5(0, )} = dij0(x — y). (8.23)
As in the scalar case we can introduce a latticized version
V1 r(n) = Va¥ ¥ (na) (8.24)
of our spinor field, which in the Dirac case obeys the anticommutation relation
and in the Majorana case obeys
{Wi(n), ¥;(m)} = 66nm. (8.26)

What about the Hamiltonian? Perhaps the most obvious choice of Hamiltonian for a single right-moving
Majorana-Weyl fermion V¥ is

) \I/R(Tl+1)*\I/R(n)
-3 ;@R(n) - , (8.27)
but this isn’t actually hermitian since the second term is an (infinite) imaginary constant (remember that

U r(n)? = § by the anticommutation relations). On the other hand we don’t care about an additive constant

in the Hamiltonian, so we can instead take the Hamiltonian to be
i
H = f%Z\I!R(n)\I/R(n+1). (8.28)

We can make this look more like the continuum Hamiltonian by writing it as

H:7%'2\111%(”)\1/13(714’1)2*@\1/1{(%71)7 (829)

which is now manifestly hermitian since the dagger just exchanges the two sums. The quantity
\I/R(TL + 1) - \I/R(TL — 1)
2a

is called the symmetric derivative. It is actually a better approximation to the continuum derivative than
the naive discrete derivative , since if f is a smooth function we have

fl@+e) — flz—¢)
2e

The equation of motion for this Hamiltonian is

(8.30)

= f'(z) + O(e?). (8.31)
Ur(t,n) =i[H,Ug(t,n)]
= % Z[\IJR(t,m)‘IIR(t,m + 1), Ur(t,n)]

_ \I/R(t,n+1)*\I/R(t,TL*1) (832)
2a ’ ’
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0.5+

-1.0-

Figure 17: The dispersion relation w(k) for a right-moving lattice Majorana-Weyl spinor ¥ in 1 + 1 di-
mensions, in units where a = 1. Note in particular the extra low-energy modes near k = 7, these are the
left-moving doublers.

which is a discrete version of the Dirac equation (8.21) with the spatial derivative replaced by the symmetric
derivative.
We can find the dispersion relation as in the scalar case, by looking for solutions of the form

Ur(t,n) = Aethan—iwt, (8.33)
The lattice Dirac equation (8.32) gives
eika e—ika

= —— = 8.34
i S (834

or in other words (k
W = Sntka) (8.35)

a

This dispersion relation is plotted in figure [I7} Note that for a spinor it is w which is an analytic function
of k, while for the scalar it was w?. In particular to get w > 0 we should take k > 0, which reflects the
right-moving nature of the spinor field. For small k we have

w =~ k, (8.36)

which is precisely the continuum dispersion relation for a right-moving continuum fermion. On the other
hand we now have a surprise: there are more light excitations near k = 7! We can get a sense of what these
excitations look like by defining ¥ r(n) = ™" x(n) and k = T — x with 0 < ka < 1, in terms of which have

X(n) = Ae~ et (8.37)

with
W R K. (8.38)
In other words these are precisely the low-energy excitations of a left-moving fermion; our attempt to
construct a lattice version of a one-component right-moving Majorana-Weyl spinor has instead resulted
in a theory whose low-energy description is a two-component Majorana spinor with both left-moving and

right-moving fields described by the continuum Hamiltonian (8.22))! This phenomenon is called fermion
doubling, and the extra left-moving mode we generated is called a fermion doubler.
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8.3 Nielsen-Ninomiya theorem

You may be wondering if the fermion doubling phenomenon we just discovered can be avoided by some more
clever choice of the lattice Hamiltonian, or more generally if it is only a problem in 1 + 1 dimensions. In
fact fermion doubling is a quite general phenomenon, which is present in any spacetime dimension. It is
particularly robust in even spacetime dimensions, where it is formalized in the Nielsen-Ninomiya theorem.
This says that any weakly-interacting lattice fermion theory in even spacetime dimensions which respects
locality, lattice translation symmetry, and chiral symmetry necessarily has an equal number of upper and
lower component massless Weyl fermions at low energies. In other words you can’t put chiral theories on a
lattice. We won’t get into the general proof of the theorem here, but I’ll give you the essence of the argument
for the 1+ 1 dimensional case we just discussedm
Let’s consider a rather general lattice Hamiltonian

H= % > U(n)K(n—m)¥(m), (8.39)

where ¥ obeys the canonical anticommutation relation

and we can take K(n—m) = —K(m —n). Hermiticity requires K to be pure imaginary, and the fact that K
depends only on n—m is the a consequence of lattice translation invariance. You will show on the homework
that the equation of motion for this system is

U(t,n) =iy K(m—n)¥(t,m), (8.41)
and that solutions of the form ‘ A
U(t,n) = Aetkan—iwt (8.42)
obey a dispersion relation
w(k) = K(m)e *m, (8.43)

The right-hand side of this equation is just the discrete Fourier transform of K. Note in particular that we
have the periodicity

w (k: + 2;) — w(k), (8.44)

which is again a consequence of lattice translation symmetry.

To implement the idea of locality, we should require K (n) to vanish at large n. In simple lattice models
such as the one we considered in the previous section K has compact support, which certainly implies this
vanishing, but we can relax that assumption quite a bit and still prove the theorem. The most convenient
assumption to make is that K falls off fast enough that the sum ) = K(m)m is absolutely convergent, which
implies that the Fourier transform of K has a continuous first derivative. From , we therefore see that
w(k) is a continuously differentiable map from S! to R.

The Nielsen-Ninomiya theorem now follows immediately from the observation that any such function
must cross the surface w = 0 an even number of times to make sure you get back to where you started as
you go around the circle. Moreover half of those crossings must go from negative to positive as you increase
k, while the other half must go from positive to negative (see figure [L§| for an illustration). Crossings of the
former type give rise to right-movers, while crossings of the latter type give rise to left-movers. Thus the
number of left-movers and right-movers must be equal!

30T here is one sense in which 1+ 1 is special: the antiparticle of a left /right mover is also a left/right mover, while in 3 + 1
dimensions the antiparticle of a left/right handed particle is right/left handed. This means that in the argument we now give
we won’t need to assume anything about chiral symmetry, while in 3 + 1 dimensions one needs to.
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Figure 18: The Nielsen-Ninomiya theorem in 1 + 1 dimensions: a fermion dispersion relation w(k) must be
periodic and have continuous first derivative, so it crosses w = 0 an equal number of times in either direction.
Low-energy right-movers are shaded red and low-energy left-movers are shaded blue.

Fermion doubling has a rather embarrassing consequence: the standard model of particle physics is a
chiral theory, so here in 2024 we still don’t know how to write down a lattice model which regulates the
standard model at short distances. This means that we don’t actually have a non-perturbatively good
definition of the standard model, which is a bit unsettling since it is supposed to be part of our current
understanding of the fundamental laws of nature.

There is much more that could be said about lattice fermions, in particular there are many proposals for
how to minimize the number of doublers that all have various advantages and disadvantages, but we will
have to leave it here. Will Detmold is teaching a class on lattice field theory next semester, so that is one
place to go if you want more!

8.4 Classical 2D Ising model

The 2D Ising model is of great importance to the history of statistical mechanics, as it was the first solvable
model of statistical physics with a genuine phase transition. The basic idea is simple: we have a single
classical spin ¢ = £1 at each site & of a square two-dimensional spatial lattice, with an energy functional
that wants to align neighboring spins. More concretely we can parametrize the lattice sites by

Z = (ang,any), (8.45)
with n, € n, € Z, and the energy functional is given by
Elo]=—-J Z (U(nw, ny)o(ng + 1,ny) + o(ng, ny)o(ng, ny, + 1)) (8.46)

This gives a model of a two-dimensional classical ferromagnet with an “easy” direction of magnetization,
which is to be distinguished from the Heisenberg model which allows the spin to point in any direction.

At zero temperature the Ising model has two obvious ground states: we can have all of the spins to be
up (i.e. o = 1 everywhere), or we can have all of the spins to be down (i.e. ¢ = —1 everywhere). Either
of these configurations is called “ordered”. On the other hand at infinite temperature all states are equally
likely, so each spin is independently random and we say the system is “disordered”. At finite temperature
things are more interesting. In the partition function

ACIED P (8.47)
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Figure 19: Flipping a cluster in the Ising model with perimeter L = 12. At high temperature it is entropically
favorable to do this even though it increases the energy at the perimeter.

there is a battle between energy and entropy: misaligning some of the spins costs energy, and is thus punished
by the Boltzmann factor e ¥, but the more spins are misaligned the more ways there are of misaligning
them and this can compete with the Boltzmann suppression at high enough temperature (remember that
B =1/T). There is a beautiful argument due to Peierls that there is some nonzero temperature below which
the energy wins, ordering the system (almost all spins up or down), and some other finite temperature above
which the entropy wins and the system is disordered. The idea is to look at the energy cost of flipping a
connected cluster of spins compared to the gain in entropy of doing so. Say that the spins are currently all
aligned. The cost in energy of flipping a cluster whose boundary perimeter (meaning the number of bonds
which are misaligned) is L is

AE =2JL, (8.48)

while we can upper bound the number N (L) of clusters of perimeter L containing some fixed lattice site
(ng, ny) by saying that as we go around the perimeter for each link we need to choose one of three directions
to go in, which gives

N(L) < 3~ (8.49)
Therefore when

28J > log3 (8.50)

the gain in entropy from flipping a cluster can’t possibly balance the energy cost of doing so, so it is better
not to flip and the system is ordered. See figure [19| for an illustration. On the other hand, although it is
hard to compute N (L) exactly it isn’t too hard to argue that it is lower bounded by

N(L) < C* (8.51)

for some 1 < C' < 3 (basically the constraints that the perimeter needs to close and not self-intersect aren’t
strong enough to completely kill the exponential from choosing which direction to go at each step). This
means that in the partition function the gain in entropy will certainly beat the energy cost if we have

28J < logC, (8.52)

in which case many clusters will form and the system will disorder.
It is harder to say what happens in the intermediate temperature window
2J 2J
<T<
log 3 log C

(8.53)
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between these two bounds, but in fact what happens is that there is a single critical temperature

2J
Tp=—
log(1 + v2)

above which the system is disordered and below which it is ordered. Above the critical temperature the
spin-spin correlation function decays exponentially with distance,

(8.54)

(o(0)o(x)) ~ e IV/E, (8.55)

where ¢ is called the correlation length. At the critical temperature the correlation length goes to infinity
and the system becomes scale-invariant, so the spin-spin correlation function can only decay as a power:

(0(0)o(z)) ~ ﬁ (8.56)

The dimensionless number 7 is another example of a critical exponent, similar to the critical exponent v
that we computed approximately in the three-dimensional Ising model using the e-expansion at the end of
the previous semester. As in that case, we can rewrite 7 in terms of the anomalous dimension of the spin
operator o:

n=2A,. (8.57)

Computing these critical exponents is the great achievement of Onsager’s solution, and in particular there

is the famous formula .
Ay, = 3 (8.58)

In the remainder of this section we will see how the Ising model can be rewritten in terms of a free lattice
fermion, which makes it clear why it is soluble@

As a side comment, it is great fun to produce samples of the 2D Ising model using the Metropolis
algorithm. Starting from an arbitrary initial configuration this works by going through the sample and
flipping each spin either if doing so decreases the total energy or with probability e #*F even if it doesn’t.
This algorithm converges towards a typical sample from the thermal distribution with inverse temperature
B rather quickly, giving a powerful way to study statistical systems numerically. See figure [20] for some Ising
samples generated this way.

8.5 Transfer matrix and the Hamiltonian formulation for the 1D Ising model

One of the most powerful ideas in statistical mechanics is the transfer matrix, which in many cases allows us
to convert a classical statistical system at finite temperature in D spatial dimensions to a quantum system
at zero temperature in D Euclidean spacetime dimensions. Roughly speaking this limit replaces thermal
fluctuations by quantum fluctuations, with % being the effective “temperature”. As a warmup let’s first see
how this works for the one-dimensional classical Ising model, which has energy functional

J 2
Elo] = 5 > (o(n+1) = o(n))*. (8.59)
Here I've taken the liberty of shifting the ground state energy to be zero, which simplifies life. The thermal
partition function of this system is
Z(B) =Y e PPl (8.60)

o

31The realization that the model can be rewritten in terms of free fermions goes back to Schultz, Mattis, and Lieb in 1964.
Elliott Lieb is a legendary mathematical physicist, who also proved the strong subadditivity of von Neumann entropy and
important results on the quantum stability of matter. He is still around (he’s 92), I had fun talking to him when I was a
postdoc at Princeton and I just saw him last month when 1 visited!
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Figure 20: Samples of the 2D Ising model on a 200 x 200 lattice generated by the Metropolis algorithm
starting from random spins. On the left we have T' = 4.J, in the center we are at the critical temperature
T = ﬁ ~ 2.269.J, and on the right we have T' = .5J. At high temperature you can see the spins stay
disordered, at the critical temperature blocks of arbitrary sizes are forming and disappearing, while at low
temperature the spins are coalescing into large aligned regions which will eventually merge and order the

magnet.

and if we study this with periodic boundary conditions (i.e. so that o(N +1) = (1)) then we can write this
partition function as

Z(B) =Tr (TV) (8.61)

where ar
Tyo=e 29 (8.62)

is called the transfer matrix. We can think of T" as the contribution to the partition function from the link
connecting spin ¢ to spin ¢’, and the trace arises because of our periodic boundary conditions. In matrix

notation we have 287
1 e
T= (62’8‘] 1 ) ) (8.63)

The connection to quantum mechanics arises because when SJ > 1 we can view T as the infinitesimal
Euclidean evolution by a Hamiltonian:

T~1—eH+0(H), (8.64)
with
e=e 287
— (8.65)

We can then take the continuum limit € — 0, in which case a correlation function involving Euclidean time
separation 7 comes from a lattice separation An given by

-
An = —. (8.66)

€
That the “bare coupling” .J goes to infinity in this limit is an example of renormalization group flow. By
construction correlation functions computed in the continuum limit will match those computed at distances
which are large compared to the lattice scale in the original model. Indeed we can compute the spin-spin

correlation function: the ground state is simply

1

) =—=UAND+11), (8.67)

S

2
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and the spin-spin correlation function is
Qe ™0™ 0, |Q) = e 27, (8.68)

which indeed decays exponentially at large 7 as we would expect for a disordered phase (the 1D Ising model
is always disordered).

8.6 Hamiltonian formulation of the 2D Ising model

Let’s now repeat this analysis for the 2D Ising model, which we will generalize to allow the coupling J to be
different in the two different directions:

Ja

Elo] = > Z (o(ng +1,ny) — 0(ng,ny))* + % Z (0(ng,ny + 1) — 0(ng,ny))% (8.69)

Mg, Ny Mg, My
We can again write the partition function with periodic boundary conditions in the y direction as
Z(B) =Tr (TN), (8.70)

Nz

where now T is a 2¥+ x 2N+ matrix whose entries are given by

T = exp | =20 3700/ 0) = 0(0))? = 22 3 (0l +1) = 00)? (5.71)

Ny N

Here you should think of o(n,) as the spins in row n, and ¢’(n,) as the spins in the row n, + 1. The transfer
matrix includes the Ising interactions for the links connecting these two rows (the first term) and also the
Ising interactions within the n, row. Multiplying the transfer matrix together IV, times and then taking the
trace thus accounts for each interaction once.

To get a quantum interpretation of the transfer matrix we again want to take the limit of continuous
time, which we will arbitrarily interpret to be the y direction. We can guess the right way to take this limit
by noting that if o and ¢’ differ at m sites then we have

B

_ ,—2mpJ, o o 2
Tyog=e vexp | == ; (0(ne +1) —a(ng))?| . (8.72)
We want a limit where
T ~1—ieH, (8.73)

so in particular we want the m = 0 components to be close to one. In other words we need 8J, to be small.
Moreover we would like first corrections to the identity for m = 0 and m = 1 to have comparable size, as
otherwise we will get a trivial theory where there is no relation between the different rows. The right way
to do this is to take

BJy — 0o
BJ, — Ae 2Py (8.74)
with A fixed, as then holds with
€ =e 28
H==3 o) + 5 3 (0x00+ 1) =00
=— Z ox(n) — A Z 0,(n)o,(n+ 1) 4 constant. (8.75)
n n
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This Hamiltonian is traditionally called the 1D Ising model in a transverse field, or sometimes the
quantum Ising chain. The two terms in the Hamiltonian do not commute, so the ground state is a tug of
war between them. When A is small the ground state is just the product of the o, = 1 state for each spin,
with no long-range correlation, while when A is large then the spins all want to be aligned in the o, basis.
This of course is just the phase structure we found for the original 2D Ising model, which apparently has
survived the quantum limit! In particular we should expect a phase transition at some critical value of A;
we will now see that the transition happens at A = 1 and is governed by a free Majorana fermion.

8.7 2D Ising as a free Majorana fermion

Now we come to the moment of truth. Let’s return to our lattice Majorana fermion ¥(n) with Hamiltonian
—i
H = %;\I!(n)\ll(nJrl). (8.76)

We’ve already seen that at low energies this theory is described by the continuum free massless Majorana
fermion theory with both left and right moving fields \I/CLO/}% due to fermion doubling. This theory is
scale-invariant, so its correlation functions decay as powers just as we saw for the 2D Ising model at the
critical point. In fact they are the same powers, as we will now see.

The key idea is to use our old Jordan-Wigner transformation to rewrite these Majorana fermions in terms
of qubits. We saw back in the second section that we can represent the algebra of 2N Majorana fermions on
the Hilbert space of N qubits, with the fermions represented by products of Pauli operators. More concretely
we have a qubit for each even n, and we have the following representations:

Oz
2m) = ... 0, R0, —RIXI®...

w(2m) %

Ty

V2

where the o, and o, are acting on the mth qubit. We can therefore rewrite the Hamiltonian (8.76) as

Y2m+1)=...0,00,® RIRI®..., (8.77)

He— (\I’(2m)‘1/(2m 1)+ U(2m — 1)\1'(2m))

_%m
1

" la
m

(Uz(m) +og(m— 1)0$(m)). (8.78)

We can act with a rotation by /2 in the zx plane and shift the sum in the second term to rewrite this as

H= ﬁ ( —oz(m)+ o, (m)o,(m+ 1)) (8.79)
which (up to an overall rescaling) is precisely the transverse field Ising Hamiltonian ! More precisely,
it is the transverse field Ising Hamiltonian with A = 1, which we can thus identify as the critical point since
we’ve now shown it has a massless dispersion relation at low energy. Therefore all the critical exponents of
the 2D Ising model can be computed using the free Majorana fermion theory !

The next thing we should do is actually compute some of these critical exponents, but this turns out to be
more tricky than you might expect so I will only give a quick sketch of how it works. The reason it is tricky
is that it isn’t so obvious how to represent the spin operator o,(m) in terms of the continuum Majorana
fermion. The right thing to do ends up being to remove a small disk in the vicinity of the operator from
the path integral and then impose boundary conditions at the edge of the disk where the fermion changes
sign as you go around it@ To compute the two-point function of the spin operator the best thing to do is
make use of the conformal symmetry of the problem, which relates the scaling dimension of this operator to

32Tt may not be clear that this really defines a valid local operator in the theory, but it does. To understand this properly
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the energy of the ground state on a spatial circle with periodic boundary conditions for the fermion via the
formula

EoL c
A, =24 ° .
or + BE (8.80)

where L is the size of the spatial circle, Fy is the ground state energy, and c is the “Virasoro central charge”
of the theory (which for the free Majorana fermion theory is given by ¢ = 1/2). The central charge is defined
using the two-point function of the energy momentum tensor, and this equation is derived by using its
conformal transformation properties. Recalling that each fermionic oscillator contributes a factor of —w/2

to the ground state energy, and that for a fermion with periodic boundary conditions we have w, = Q’TT”
with n a positive integer, the ground state energy is
=™
Ey= —2; T (8.81)

The factor of 2 comes because for each n we have both a left and a right moving mode. This sum is UV
divergent of course, but we can renormalize it using the famous “identity” (look it up, it isn’t as horrific as

it looks)
- 1
> n= 5 (8.82)
n=1
We thus have -
Ey=— .
0= o (8:83)
and substituting this in (8.80) with ¢ = 1/2 indeed gives Onsager’s formula
A, =1 (8.84)
o 8' .

There is much more that could be said about this, but we need to get on to electromagnetism so I’ll
content myself with a few comments:

e You might be wondering what happens in the fermion description if we set A # 1 in the transverse
field Ising description. Working this out shows that it introduces a mass in the fermion theory, so the
correlation length indeed becomes finite away from criticality. We can use this to compute another
of the Ising critical exponents. Indeed in the continuum the mass operator is it g, and since the
fermion has dimension 1/2 this operator has dimension one. Comparing to our discussion at the end
of last semester, where we called this operator ¢? in the bosonic presentation of the Ising model, we
see that in the 2D Ising model we have the critical exponent

1

YT A A,

1 (8.85)

where v describes the scaling of the correlation length with temperature:
E~(T-T.)". (8.86)

In the Ising transition there are only two independent critical exponents, which we can take to be v
and 7, so this completes the solution of the model for d = 2.

it is important to realize that the fermion parity symmetry \I}/L/R = —WU,r must be treated as a gauge symmetry (see the

next section) in order for the match between the critical Ising and massless Majorana Hamiltonians to work. Essentially this is
because of the Jordan-Wigner strings - they should really be thought of as “Wilson lines” for fermion parity, and in particular
if we work with periodic boundary conditions in space then the transverse Ising Hilbert space only allows the fermions to act
in pairs.
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e You may be concerned that the anisotropic continuous-time limit we used to derive the transverse-
field Ising Hamiltonian is quite different from the square lattice isotropic Ising model we started with.
The reason we ended up with the same critical exponents is the renormalization group: the details
of the lattice structure (such as whether or not it is isotropic) do not matter in the continuum since
by Polchinski’s theorem they are irrelevant. On the other hand questions which specifically refer to
bare parameters, such as the transition temperature T, (or the transition value of A) do depend on the
lattice details and therefore cannot be computed from the continuum free field theory.

Problems:

1. Confirm the equation of motion ({8.41)) and the dispersion relation (8.43]) for the general lattice Hamil-
tonian (8.39)), and also check that the frequency w(k) is real.

9 Quantum electrodynamics I: quantization of the electromag-
netic field

In this section we now turn to quantum electrodynamics, usually called QED, which is the quantum
field theory describing the interactions of photons with charged particles. QED is responsible for most
daily phenomena we encounter, from atoms to chemistry to solids, and its predictions have been confirmed
experimentally to remarkable accuracy. It is the quantum field theory for which quantum field theory was
invented, and it is the still the prototypical example. It has several novel features that we have not yet
encountered:

e Helicity one: So far we have only studied field theories whose particles have spin/helicity zero or
1/2. The photon has helicity one, which brings new complications. The fundamental issue is that mas-
sive/massless particles of spin/helicity zero or 1/2 have the same number of states, but for spin/helicity
one and higher a massless particle has fewer helicity states than a massive particle has spin states. For
example in d = 4 a spin one particle has three spin states, J, = —1,0,1, but a helicity one particle
only has two helicities (left and right circular polarization for photons). So our formalism needs to
somehow be discontinuous in the massless limit.

e Gauge symmetry: In order to solve the previous problem, it turns out that we need to introduce a
new kind of symmetry. This is a symmetry which can be implemented by a different amount at different
points in spacetime, and we will see that for the most part such symmetries amount to redundancies
rather than physical transformations. This is the mechanism that removes the extra spin state of
massless photon. Gauge symmetries can be quite confusing, and in particular they imply that some of
the natural observables in a QFT with a gauge symmetry are nonlocal.

e Infrared divergences: The scattering theory we have presented so far, based on the LSZ formula,
works best when all particles are massive. In QED the photon is massless, which leads to new compli-
cations in defining asymptotic states. In particular an electron can never be found in pure isolation,
it always needs to carry around its Coulomb field, and this field is made out of a large number of
photons. We will see that this implies that the S-matrix element from some fixed number of photons
and electrons to some other fixed number is always zero, since the probability is one that an infinite
number of “soft” photons are radiated in any scattering process. We therefore need to learn how to do
scattering with infinite numbers of particles in the initial/final state.

We clearly have our work cut out for us, so let’s begin.
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9.1 Maxwell theory

You at some point learned about Maxwell’s equations, which in SI units are written as

G.5=L
€0
V-B=0
VxE=-B
6 x B = ,LL()j+ Eouoﬁ. (91)
Together with the Lorentz force law . . =
F=q9qFE+qixB (9.2)

these give a complete description of the classical electromagnetic force. Of course SI units are not for real
scientists; a better choice is Heaviside-Lorentz units, in which these equations read

V.-E=p
V-B=0
- . 1=
VxE=—--B
C
- _, 1/ =
VxBfE@+E)
F=qE+q % x B. (9.3)

We will of course also set ¢ = 1, in which case you can remember that to get to Heaviside-Lorentz units
(with ¢ = 1) you can just set g = pg = 1 - every physics undergraduate’s dream come true!

You hopefully also learned that you can automatically solve two of Maxwell’s equations by writing E
and B in terms of a scalar potential ¢ and a vector potential A via

This parametrization is not unique, as we can shift both A and ¢ by a gauge transformation
A= A4V
o =¢-Q, (9.5)

where (2 is an arbitrary function of space and time, without changing E and B.
This all looks much nicer if we adopt more relativistic notation. We can combine ¢ and A into a one-form
gauge field as

Alt = (7¢7A')7 (96)

in terms of which the gauge transformation is simply
A;(x) =A,(z) + 0,0 (9.7)
The electromagnetic current becomes a spacetime vector
J* = (p,J). (9.8)
We can combine E and B into the antisymmetric field strength tensor

Fuu = a,u,AV - 8VAM7 (99)
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in terms of which we have

E; =Fy (9.10)
and )
B; = §€iijjk- (9.11)
Maxwell’s equations in this notation are simply
O, FH = J+
8ozF[3’y + agnya + &YFaﬁ =0, (9.12)

with the second line following automatically from the expression for F' in terms of A. You showed on the
homework last semester that these equations follow from the Maxwell Lagrangian

1
L= = Fu P 4 A", (9.13)

where A, is treated as the fundamental dynamical variable. In this section we will treat J* as a background
source for A,,, while in the next section we will build J* out of dynamical charged fields. Equations (9.12))
and are valid in any dimension, so from now on we will consider Maxwell theory in d spacetime
dimensions.

There is an important point which is worth emphasizing now: this theory is inconsistent unless the
background current J* obeys the conservation equation

9, J" = 0. (9.14)

This follows immediately from the divergence of the first line of (9.12)); if the current is not conserved then
there are no solutions of the equations of motion. Another indication this is necessary comes from the gauge
transformation of the current term in the Lagrangian:

ALTFE = Ay JP = 9,Q0% = 8,(Q") — Q0,J*. (9.15)

Thus for the Lagrangian density to be invariant under gauge transformations up to a total derivative, we
need to impose (9.14)).

9.2 Towards a Hamiltonian formulation

Life gets more challenging when we try to convert the Maxwell Lagrangian to a Hamiltonian. The
reason this is complicated is the following. Naively we might expect to view A, and Au at t = 0 as “initial
data”, which can then be evolved forward using Maxwell’s equations to predict the future. This is an example
of what is called the initial value problem, which is the essence of the Hamiltonian formulation of classical
mechanics: given a point in phase space specified by ¢ and p, we uniquely evolve forward (or backward) in
time by solving Hamilton’s equation. In Maxwell theory however the evolution isn’t unique: we can always
do a gauge transformation A, = A, + 9,9, with Q vanishing in the vicinity of ¢ = 0 but doing something
arbitrary elsewhere, and this gives a distinct but equally valid solution of the equations of motion with the
same “initial data”. The naive initial value problem therefore isn’t well-posed in Maxwell theory. This has
two more concrete manifestations:

(1) The time derivative of Ay doesn’t appear in the Lagrangian, so its canonical momentum I1° is zero.
This isn’t consistent with the canonical commutation relation [Ag(F, I1°(%)] = i6%~1(Z — 7).

(2) The canonical conjugate of A; is
. oL _ _
m = oA = FY = —E', (9.16)
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so we can write the Oth component of the equation of motion as
O;F% = —9;TI* = p. (9.17)

This of course is just Gauss’s law, but the the point here is that it doesn’t involve the time derivative of
IT* and thus gives a constraint on the canonical variables A; and II* instead of a genuinely dynamical
equation of motion. This constraint again is not compatible with the canonical commutation relations

[Ai (2, 1V (§)] = i6]64 1 (& — ), (9.18)

as these would allow us to adjust each component of I independently by conjugating by e’ [a' 2 A @) (@)
with f* arbitrary.

We can view the condition II° = 0 as a constraint as well, so the basic problem we need to solve in order
to come up with a sensible Hamiltonian formulation of Maxwell theory is to figure out how to handle the
constraints

n°=o
oIl 4+ p = 0. (9.19)

The pair of constraints (9.19) are an example of what are called first-class constraints, which means
that if we compute the commutators of the quantities on the left-hand side of the constraint equations using
the naive canonical commutation relation

[A, (&), 11 ()] = 6,671 (7 — 7) (9.20)

we get something which vanishes after imposing the constraints. That is clearly true here, as the constraints
only involve II* and not A,. First class constraints are always related to gauge symmetries, essentially
because their commutators form a Lie algebra that we can exponentiate to construct the gauge transforma-
tionsﬂ We can check explicitly here that they generate the gauge symmetry:

i U ddlx’Q(f’)HO(f’),Ao(f)} = Q@)
i [—/dd_lx'Q(i") (9,11 (2") + p(&")) ,Ai(s‘c‘)} = 0;Q(%). (9.21)

In the second of these we neglected a boundary term; this is justified for gauge transformations which vanish
at infinity. We will consider the case of gauge transformations which don’t vanish at infinity later in the
section.

How can we proceed in the face of these problems? As far as I know there is only one sensible thing to
do: in theories with first-class constraints we must view the gauge transformations which vanish at infinity as
redundancies of description rather than physical transformations. In other words we must identify solutions
of the equations of motion which differ by such transformations. This gives us back a well-posed initial value
problem, since it removes the ambiguity which afflicted the naive formulation of the theory. There are two
standard ways to implement this redundancy:

e Gauge-fixing: Impose some kind of additional requirement on the dynamical variables which removes
the gauge symmetry. For example in electrodynamics we can impose the Coulomb gauge condition
VA= 0, which we will shortly argue removes the gauge freedom. We can then solve the constraints
explicitly (including the gauge-fixing condition) to get an unconstrained system.

33There is a converse to this statement called Noether’s second theorem, which in this language says that if the Lagrangian
has a gauge symmetry then it is generated by first-class constraints.
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¢ Quotient by gauge transformations: Apply an equivalence relation A, ~ A, + 0, to the set of
solutions, so that they are only defined modulo gauge transformations which vanish at infinity. Physical
observables are then required to be gauge-invariant so that they are well-defined on these equivalence
classes. Quantum mechanically we start with a larger Hilbert space that doesn’t obey the constraints
and then we restrict to the set of gauge-invariant states which are annihilated by them.

The first method is more standard in practice, but it has two unfortunate aspects. The first is that fixing the
gauge usually breaks manifest Lorentz invariance, leading to unwieldy expressions which magically end up
being Lorentz-invariant at the end of the calculation. The second is that gauge-fixing introduces apparent
non-locality in the Hamiltonian, which again magically cancels at the end of the calculation. For these
reasons gauge-fixing is often a source of confusion in quantum field theory, for students and researchers alike.
The second method is more elegant, as it preserves manifest Lorentz invariance and locality at every step,
but it is also more abstract and in particular it requires us to introduce a larger Hilbert space that includes
“unphysical” states. We then need to confirm that our evolution does not mix unphysical states with physical
states. Moreover some calculations in the Hamiltonian formalism (which anyways breaks covariance) are
easier once we fix the gauge. Our approach here will be to take the second approach as fundamental and
derive the first approach from within it, which I think is the most enlightened way to proceed: we never
need to worry about whether the theory we are defining is Lorentz-invariant and local, but we are free to fix
the gauge whenever doing so is convenient.

9.3 Gauge-invariant quantization

The idea of gauge-invariant quantization is that we start with a large set Hy,4 of wave functionals W[A] that

are arbitrary functions of all d components of the gauge field A, (&) at t = 0. The canonical momenta are

defined by
)
n*(z) = —i————, (9.22)
54,(®)

which by construction obey the naive canonical commutation relation (9.20). We then construct the true
Hilbert space H by restricting to states which are annihilated by the two constraints (9.19)). Since these
constraints generate the gauge symmetry, this is the same as restricting to the set of gauge-invariant states.
People thus often use the terms “physical Hilbert space” or “gauge-invariant Hilbert space” to describe
H. The set of states in Hp;, which are annihilated by II° is quite simple: it is the functionals which are

-,

independent of Ag. We therefore can just write the wave functional as W[A]. The physical states are then
those wave functionals obeying

) -

10, ———V[A] = —p(X)V[A]. 9.23

0 51y VA = @)Ll (923)

We also need to define a Hamiltonian on H. We can first try to construct a Hamiltonian on Hp;4 in the
usual way:

. 5o 1 . 1 ..
H= /dd_lx[AOHO +A-I+ §F°ZF0i + ZFijF” — A, J"

= /ddflx Bﬁ T+ iFijFiJ’ —A-J+ V- (ApIl) — Ay (JO +V- ﬁ) + AOHO] . (9.24)

We can drop the total derivative term by assuming boundary conditions where Ag — 0 at co. This Hamil-
tonian however is not well-defined on Hy;y, because Ay is not something we know how to build out of A,
and IT*. Indeed if we compute the commutator of H with Ay we just get

Ay = Ay, (9.25)

which although true is not very helpful. This is a concrete illustration of our inability to define a good time
evolution on the full Hilbert space Hpiq. On the other hand there is no such obstruction to defining the
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Hamiltonian on the physical Hilbert space H: since the last two terms in (9.24) are both proportional to

the constraints, they vanish when H acts on states in H. We therefore can take the Hamiltonian on H to
simply be

1= = 1 oo o

H= /dd_lx {21_[ I+ ZFijFU —A- J] . (9.26)

For the theory to be consistent, we need to check that this Hamiltonian evolves gauge-invariant states

to gauge-invariant states. This is a bit subtle in general because if p is time-dependent then the Gauss

constraint is also time-dependent, so in the Schrodinger picture the gauge-invariant subspace changes with

timeY The condition we need is that

(6 (@) + plt+ e, f)) emieH(t) — o—icH(®) (6 (@) + e, f)) (9.27)

for small €, or equivalently L
i[H(b), ¥ - 1) = —p(t, 7). (9.28)
This is indeed true:

-

iH(), Y - T(@#)] = —i / A LA J @), - i)
= / d 20,0 (¢, 716N (& - 7)

0 J(t,T)
= —p(t, @) (9.29)

This argument only works if J# is conserved, which is another illustration of the fact that it is inconsistent
to try to quantize a Maxwell field coupled to a current that isn’t conserved.

9.4 Maxwell theory in 1+ 1 dimensions

As a simple example of this approach, we can consider electrodynamics in 1+ 1 dimensions with J = 0 on
a spatial circle of circumference L. The equations of motion say that

DF =0, F% =0, (9.30)

so the electric field
E=F" (9.31)

is constant in spacetime. What are the quantum states? The Gauss constraint ((9.23)) says that the wave
functional depends on A; at different points in exactly the same way, or in other words that it only depends
on A; through the combination

L
h:/o dxAq(z), (9.32)

which is called the holonomy around the loop. It is a gauge-invariant variable since
L
W= / de (Ar () + 919(2)) = h+ Q(L) — Q0) = h, 9.33)
0

since we must have Q(0) = Q(L) because we are on a circle. The classical phase space of this system is
two-dimensional, and in fact h and —FE are canonical conjugates:

[h,—E] = i. (9.34)

34This subtlety is an artifact of treating J* as a background field; once we build J* out of dynamical charged fields the
Hamiltonian commutes with the constraints and the gauge-invariant subspace is time-independent.
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The Hamiltonian (9.26]) is simply
L
H= EEQ, (9.35)

so Maxwell theory in 1 4+ 1 dimensions is the same as the problem of the quantum mechanics of a non-
relativistic particle on an infinite line with “position” h and “momentum” —FE! There are few interesting
things about this example. First of all there are no propagating photons - naively A, has two independent
components which could support propagating waves, but the gauge constraints removed both of them. There
is however still a single remaining degree of freedom, the holonomy % and its canonical conjugate —E. h
is particularly interesting because it is nonlocal; in gauge theories nonlocal observables are fairly often of
interest. Another worthwhile observation is that the energy for a fixed electric field grows linearly with the
system size L; we will eventually see that this is the mechanism behind the confinement of quarks and gluons
into hadrons in quantum chromodynamics (QCD), which is the theory of the strong nuclear force.

The holonomy A brings up an interesting question about the foundations of quantum electrodynamics.
In classical electromagnetism we learn that the fundamental degrees of freedom are the electric and magnetic
fields, with A, something of a mathematical afterthought. The holonomy h is novel in this regard because
there is mo way to express it in terms of electric and magnetic fields. Indeed in 1 + 1 dimensions there is
no magnetic field, and h is clearly independent of E since they don’t commute. Thus there apparently is
more to electromagnetism than just E and B! On the other hand, is the holonomy really measureable?
In fact it is, as is beautifully illustrated by the Aharanov-Bohm effect. Say we have a non-relativistic
charged particle of mass m moving on a circle of circumference L, about which the holonomy £ is not zero.
Without loss of generality we can take A; to be constant, in which case h = LA;. The Hamiltonian for a
non-relativistic particle moving in an electromagnetic field is

— gAl?
g0 Ay, (9.36)
which in this case is just
—qh/L)?
H = %. (9.37)

The periodic boundary conditions require p to be quantized so that the wave function is single-valued, with
quantization

2mn
so the energy levels of this system are
(27n — qh)?
En="nme (9.39)

Note in particular that they depend on h, which thus can indeed be measured by looking at the time evolution
of the relative phase of the wave function in a superposition of two energy eigenstates.

9.5 Higher dimensions

We can also apply this method to quantize Maxwell theory in higher dimensions. We will return to d-
dimensional Minkowski spacetime, with no compactified spatial directions. Following our usual practice we
should begin by solving the field equations in the Heisenberg picture. We need to be careful however: the
Hamiltonian is only defined on the gauge-invariant Hilbert space H, so we cannot construct a Heisenberg
evolution for A, since it doesn’t act within H. We thus need to apply our quantization algorithm to the field
strength F},, instead of A,. We won’t pursue this all the way to the end, as the last part of the calculation
is a bit tedious, but we will set it up since this will teach us some important things. The last step we will
then complete using the gauge-fixing method in the subsection after next.

We'll begin by constructing classical solutions of the A, equations of motion, which we can then use
construct the field strength tensor as a Heisenberg operator on H. As usual we look for solutions of the form

A (z) = e e (9.40)
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where e, is called the polarization one-form. Substituting this into Maxwell’s equation (with J = 0) we
find
k' (kye, — kvey) = k%e, — (e - k)k, = 0. (9.41)

Let’s first consider the case where k? # 0. This equation then says that e, o k,. Solutions of this type are
“pure gauge”, since if e, = ak,, then we have

A, (x) = =i, (™). (9.42)

Pure gauge solutions do not contribute to the field strength tensor F),,, as we can confirm from the expression

)
F(x) = i(kue, — kye,)e™® (9.43)

which vanishes if e, o k,. What about solutions with &% = 0? The equation of motion then tells
us that we must either have k, = 0 or else k null with e - £ = 0. The holonomy in the previous section is
an example of the former kind of solution, but in infinite volume we will adopt boundary conditions where
A — 0 at infinity so k = 0 solutions can’t be excited. We are thus left with the solutions with null & obeying

e-k=0. (9.44)

To parametrize the set of e which obey this equation we can find a basis of d — 1 linearly independent vectors
which are orthogonal to k, but these don’t all describe distinct physical polarization states. Indeed since k
is null the polarization vectors e, and e, + ak, are both orthogonal to k but they lead to the same field
strength tensor F},,. We therefore should impose an equivalence relation

e~ e, +ak, (9.45)

on the set of polarization one-forms, which leads to a basis of d — 2 distinct polarizations. These of course
are the d — 2 polarization states of a helicity-one particle, the photon, in d spacetime dimensions.

To understand photon polarization more explicitly, we can recall our usual rule for the Lorentz trans-
formations of polarization tensors. This is that for each little group element A obeying Ak = k, with & the
reference momentum, we have

D, (Mu® (k,0) = u®(k,0")Dyr o (A). (9.46)

a

The little group of a massless particle is generated by the subset SO(d — 2) of the rotation group that
preserves the direction of the reference momentum, together with a set of “null rotations” generated by
the combinations of a rotation that changes the direction of k together with a boost the changes it back.
Specializing to d = 4 and taking the reference momentum to point in the z direction,

k= w(1,0,0,1), (9.47)
the generators of the little group are
00 0 O 01 0 O 001 0
12_ .0 0 -1 0 13 on_ .1 0 0 -1 23 o2 .10 0 0 O
TP=ilo 1 o o IUHI=ilg 0 0 o gHeg®=il] oo S| 0
00 0 O 01 0 O 001 0

Raising the index on the polarization one-form to get a four vector e*, Maxwell’s equations tell us that we
need k- e = 0 and thus

aw 0
et = g = 5 + akh. (9.49)
ow 0

We can figure out the helicity basis from the infinitesimal version of (9.46) (replacing u — e),

(T12)", e¥(k, £) = e (k, %), (9.50)
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which tells us that polarization vectors of definite helicity are

0
- 1 1
n - p
e (k,:l:)—\/i 4 +axk (9.51)
0

with a4 arbitrary. You’ve hopefully seen these polarization vectors before, ¢ = +1/ — 1 describes right/ left
handed circular polarization. As usual the polarization vectors for general momenta are then obtained by
acting on these with an arbitrary Lorentz transformation L, that maps £ to p:

—

et (p,o) = (Lp)* " (k, o). (9.52)

The action of the rest of the little group on e“(E,J) is more surprising. When we discussed the little
group for massless particles 1a§t semester, we took the the generators J B4 701 and 723 + 792 to act
trivially in the representation D, since otherwise a massless particle would need to have an infinite number
of helicity states. This however is not what happens with the helicity vectors (9.51)); instead we have

m - CE=
(5 (j13+j01) +7(j23+j02)) v (K, +) = (B £iv)
v \/i
So in other words (9.46)) is actually impossible to satisfy for a massless particle of helicity one created /annihilated
by a one-form gauge field! We can rephrase this by noting that if we try to define a “physical” Heisenberg
gauge field

k. (9.53)

dd p . ip- - —ip-
Aﬁhys Z/ = {eu(p, o)agoe + e, (P, U)a;;Ue P (9.54)
V 2wy

out of creation and annihilation operators on the gauge-invariant Fock space of helicity-one photons with
some particular choice of e, under Lorentz transformations we have

U(A)TARMS (2)U(A) = A,V AP (A1) + 0,0(x) (9.55)

for some function €. In other words Aﬁhys doesn’t transform as a one-form under Lorentz transformations.
On the other hand Aﬁhys is “almost” a one-form: it is a one-form up to a gauge transformation. Since
we are viewing gauge symmetries as redundancies, we can hope that this is still enough for us to have a
Lorentz-invariant theory and in fact it is. This is clear from our more general formalism: we started with
a genuine one-form gauge field A, on Hy,q, and our two constraints hold in any Lorentz frame. The
quantity Aﬁhys is really an example of a “gauge-fixed” gauge field, as we will discuss in the subsection after
next, and once we gauge-fix we lose manifest Lorentz invariance.
The next step is now to introduce the Heisenberg field strength operator

dd 1 = ip-x * — ip-x
Z/ 2ﬂ— d— 1 |:eul/(pa U)aﬁ,dep +eul/(p7 )a;‘ge P :|, (956)

with
e (P, 0) =i (puen(p, o) — puen(p, o). (9.57)
These polarization tensors do obey equation (9.46)), since the extra gauge transformation we found for e,

cancels between the two terms. From here the remaining steps are the same as for the scalar and the spinor
field: we take the Fourier transform of F},, to extract az, and a]];o, use the canonical commutation relations

(19.20) to show that these obey

(05,0, 05, 0'] = [0} a3 )] =0
45,05 a;/,g/] = 00,07 (27T)d_15d_1(ﬁ_ P, (9.58)
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and then substitute into the Hamiltonian to see that

dd—l
H= Z/ ﬁwﬁazﬁaﬁﬂ + constant. (9.59)
™

These calculations are not hard in principle, but in practice they are somewhat tedious due to the proliferation
of indices. We’ll instead do this calculation below using the gauge-fixing method, which makes it more
manageable.

9.6 Boundary conditions and asymptotic symmetries

Before proceeding to gauge fixing however, we’ll now make an aside to deal with the possibility of gauge
transformations which don’t vanish at infinity. Let’s recall the variation of the Maxwell Lagrangian density:

L = —0,0A, F™ + 6A,J" = (0,F™ + J")SA, + 0, (F*5A,). (9.60)

To simplify our discussion we’ll first take the spatial boundary to be at some finite location I', which we can
take to infinity later. For example we can take I' to be the set of spacetime points (¢, Z) obeying |z| = R for
some large but finite R. The variation of the action has a boundary term

58D / d¥en, FHSA,, (9.61)
r

where n* is the outward-pointing normal vector at the boundary I'. In order for the action to be stationary
(up to future and past terms) about solutions of the equations of motion, we therefore need to have

n, F*§A,|r =0 (9.62)

for all variations 6 A which obey the boundary conditions. One way to satisfy this is Neumann boundary
conditions:
n, F*|p =0. (9.63)

In old-fashioned language this sets the the normal electric field and the tangential magnetic field to zero at
the boundary. The alternative way is Dirichlet boundary conditions:

A, |r =0, (9.64)

where t# is any vector which is tangent to I". In more geometric language the pullback of the one-form A
to I' vanishes. In old-fashioned language these boundary conditions set the normal magnetic field and the
tangential electric field to zero - they are the boundary conditions one would find at the edge of a perfect
conductorﬁ In quantum electrodynamics Dirichlet boundary conditions are more natural since we will want
to have A, vanish at infinity, so we will adopt them from now on. Dirichlet boundary conditions constrain
the set of allowed gauge transformations; in order to prevent a gauge transformation from generating a
nonzero tangential A at the boundary, we must require it to be constant there:

Q|r = constant. (9.65)

This constant does not need to vanish, and the right thing to do with it is a bit subtle so we will now discuss
it in some detail.

Let’s first remember that our earlier argument that the Gauss constraint generates gauge transformations
neglected a boundary term. This was ok for gauge transformations that vanish at I', but we are now interested
in gauge transformations which approach a nonzero constant at I' so we need to be more careful. To avoid

35Neumann boundary conditions correspond to a “perfect magnetic conductor”, but given the dearth of magnetic monopoles
we don’t know how to build one.
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the boundary term, we should instead take the generator of an infinitesimal gauge transformation w(z) on
Hpig to be

Qu = / d" 'z (pw — TM'ow) (9.66)
Py

where ; is the time slice at time ¢. You can check that this has the right commutator with A; to generate
an infinitesimal gauge transformation 2 without dropping any boundary term:

—i[Qu, As(t, 7)) = i (t, T). (9.67)

To relate this to the Gauss constraint we can integrate by parts, now being careful about the boundary term:

Qun = / d 1z (w(p+ 0,117)) —/ d4 2 pwn, 1T (9.68)
p3M 1%}

Py

On the physical Hilbert space this vanishes if w|r = 0, reflecting the fact that such gauge transformations
are redundancies. On the other hand for gauge transformations where w|r = wy with wg constant, on the
physical Hilbert space H we instead have

Qo = —wo/dd_zx ;I = wo/dd_lxp = woQei, (9.69)

where @Q.; is the total electric charge. This need not vanish, which tells us something interesting: gauge
transformations which approach a nonzero constant at infinity are not redundancies - they act nontrivially
on H as long as the net electric charge isn’t zero@

Constant gauge transformations in Maxwell theory give us a new kind of internal symmetry that we
haven’t encountered before. Last semester we defined an internal symmetry in quantum field theory to be
a unitary operator U which preserves the local algebras A[R] and also leaves the energy-momentum tensor
invariant. These conditions are both satisfied here for

U(f) = "%, (9.70)

so this is a valid internal symmetry. We further said that an internal symmetry is a global symmetry if
there is a local operator which transforms nontrivially under conjugation by U. By Gauss’s law however we
can express Q¢; as the electric flux through infinity, so it must commute with all local operators. It therefore
isn’t a global symmetry. How can it act nontrivially on the Hilbert space? We will see in the next section
that the operators which create charged particles are necessarily non-local operators which extend out to
spatial infinity, so these operators can and do have a nonzero commutator with Q)¢;. Symmetries of this type
are often called asymptotic symmetries, especially in the limit where we take I' to infinity.

9.7 Quantization of the electromagnetic field in Coulomb gauge

Turning now to the gauge-fixing approach to quantizing Maxwell theory, the idea is quite simple: we pick
a single representative of each gauge equivalence class for A,, and then just use these representatives to
do all calculations. This choice of representative is typically made by imposing one or more gauge-fixing
conditions. Here are some popular gauge-fixing conditions:

e Coulomb gauge: V-A=o0.

e Temporal gauge: Ay = 0.

36There is a more systematic approach to deciding which gauge transformations are redundancies using the covariant phase
space approach to Hamiltonian mechanics: a continuous gauge transformation is a redundancy if and only if it is a zero mode
of the pre-symplectic form. See my first paper with Jie-qiang Wu for an explanation of this formalism and also how to apply
it to Maxwell theory.
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e Lorenz gauge: 0*A, = 0.
e Axial gauge: A; = 0.

For a gauge-fixing condition to be successful, we need to show that every gauge field configuration A, differs
by a gauge transformation from one which obeys the gauge-fixing condition, and we also need to show that
the representative which obeys the gauge-fixing condition is unique. The above conditions are not always
strong enough to fulfil both requirements, for example we can stay in temporal gauge while doing a gauge
transformation obeying € = 0. Similarly we can stay in Lorenz gauge while doing a gauge transformation
obeying 8%2Q = 0. On the other hand with the Dirichlet boundary conditions we discussed in the last section,
axial gauge and Coulomb gauge do satisfy both requirements and thus give valid gauge-fixings of Maxwell
theory. It is more convenient to use Coulomb gauge, as it preserves rotational symmetry, so we will proceed
with that.

The procedure for going to Coulomb gauge is straightforward; given a gauge field A
gauge transformation {2 such that

w> We construct a

AL = AL+ 0,0 (9.71)
obeys o
V.- A°=0. (9.72)
We can find 2 by solving the equation L
VQ=-V-A4, (9.73)
which is of course just a version of the Poisson equation VZ¢ = —p that we solve to find the electrostatic

potential given a charge distribution. We can solve it by introducing a spatial Green’s function K (&) obeying
V2K = -5 1(2). (9.74)

This is the same equation that determines the Euclidean propagator of a massless scalar field in d — 1
dimensions, so we already know the solution:

ddflp eiﬁ-i’ 1
K(¥) = = . .
(@) / @ri1 (=30 afa]d P (9.75)

We thus have
O, 7) = / A K (7 — 7)Y - At 7). (9.76)
This indeed vanishes at infinity as long as d > 4. For d = 2,3 the boundary conditions are more important

since the Coulomb potential grows with distance, so in discussing Coulomb gauge we’ll restrict to d > 4 (we
anyways already solved the theory in d = 2). The Coulomb gauge field thus is given by

AS(t, @) = Ai(t, ) + /dd‘lx’&-K(f— ZN0GA;(t, &), (9.77)
and
A§(t, &) = Ao(t, @) + /dd’lx’K(f — )9, A;(t, ")
= Ao(t,T) + /ddflx'K(ff ') (V2 Ao(t, ') — p(t, "))
= —/dd_lx’K(f— )p(t, ). (9.78)

In going to the second line for the Ag expression we used Gauss’s law, while in going to the third we used
(9.74). You can check that all components of A€ are invariant under gauge transformations which vanish at
spatial infinity. These expressions tell us something quite interesting: the gauge field in Coulomb gauge is
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a nonlocal function of the fundamental gauge field A, and the background current J*. This is reflected in
the commutation relations it obeysf|

[A(Z), A5(9)] =0
[IT*(@), I ()] = 0
. . 9 o
) I =i o Y (F - +i— ——K(Z—17
(AL @), 10 @) = 10 (@ =) + i K ) (9.79)
Using the fact that . . .
Il = A° — VA, (9.80)

and also our expression (9.78) for A§, we can rewrite the Hamiltonian in Coulomb gauge as
a1 | Lz ge 1 T d—1_, jd—1 N (o
H= [d"z §A - A+ ZFijF T—A-J|+ 3 d*xd Yy K(Z — §)p(2)p(y). (9.81)

Note in particular the non-local Coulomb interaction term, which is a consequence of the non-locality of
the Coulomb gauge field. It is sometimes presented as a potential problem for the theory that needs to
be surmounted, but here we know things will be fine since we started with a local and Lorentz-invariant

presentation of the theory. The quantity A° has the same algebra with Ac as 10 does, since they differ only
by ﬁAS and this depends only on p and thus commutes with Ae.

Why bother introducing the Coulomb gauge gauge field Af;? The reason is that, despite its inherent
non-locality, it gives us a way to find a gauge-invariant operator on the physical Hilbert space H which obeys
Maxwell’s equations as its Heisenberg equations of motion - precisely the thing we couldn’t accomplish using
the gauge-invariant formalism. Non-locality is just the price we pay for doing this. Indeed since A;(SE) obeys
Maxwell’s equations, when J* = 0 we can expand it in a basis of the plane-wave solutions we constructed
before:

dd 1 ~ ip-xT * [ = —ip-x
Z/ @n)d1 5 [eu(PaU)aﬁ,ae” + e (p, o)al e (9.82)

We need to require however that the polarization vectors e,, are consistent with the Coulomb gauge condition
(9.72). Since we’ve now set p = 0 we will also have A5 = 0 , so we must also have €"(p, o) = 0. We therefore
can focus on the spatial components of the gauge field:

dd 1 )
Z / . [ﬂ(ﬁ, 0)ag e + (5. 0)ab o] 9.83)
p

I emphasize that these creation/annihilation operators are the same which appeared in our gauge-invariant
quantization based on the expression 7 since when we compute F},,, the distinction between A and A°
drops out. We saw before that the equations of motion require p,e*(p,o) = 0, so in Coulomb gauge the
polarization vectors must obey

7 &, o) = 0. (9.84)

In d = 4 we have already constructed these polarization vectors, in particular for the reference momentum

(9.85)

= O o

37There are a number of approaches to deriving this algebra. In particular Weinberg uses a general method called “Dirac
brackets” to combine the gauge fixing condition with the electromagnetic constraints. This is a good thing to know about in
general, but it is unnecessary for us here since we defined Aj, as a nonlocal functional of A, rather than a fundamental object
in its own right. We can therefore derive the algebra of Aﬁ directly from that of A.
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we have

ek, +) = — [ +i|. (9.86)

Thus Coulomb gauge simply sets a+ = 0 in our earlier discussion of the polarization. For more general
momenta the polarization vector is given by
é(p,+) = Ryé(k,+), (9.87)
where Rj is some fixed rotation which turns k to point in the direction of p. These polarization vectors obey
e*(p,o) - €p, o) = b0,
> el Fo)espio) = by~ TE (9.88)

g

as you can easily check for the reference momentum. In fact holds in general dimensions, as these
equations are simply saying that we have adopted an orthonormal basis of polarization vectors which is
complete in the subspace orthogonal to p.

To study the algebra of the az, we can extract them the usual way:

45,0 \/“»P/dd Lpe~ P (5, ) - (EC(O,f)+O;ZC(O,f)). (9.89)

We can then extract the algebra using the Coulomb gauge commutation relations (9.79), for example we
have

ity ol = B2 [ttt e e (70" ¢ (A0 e )] - A, Au )
Wy Wp

-7 —‘/ 2
S /dd Lad? ! e P 2 (5, o)y (7, o) <5i w0 T - T + 000 K (T~ T
w—o

P Wy

= 0g.00 (27r)d Lyd=Y (5 —¢"). (9.90)

In going to the last line we have used that the derivatives acting on K will become powers of 5 or p” in the

Fourier transform, and the Fourier transform will also set 5= p’. When these powers are contracted with €&

or &* they vanish due to the Coulomb gauge condition ((9.84)). Similarly we have

lap0r 500 = [al . al, ] =0, (9.91)

Finally one can compute the Hamiltonian, on the homework you will show that this is given (still with
J# =0) by

dd 1
T T
Z apao'aﬁo + aﬁ o0

dd 1
Z/ - lwp ﬁgap7g+constant. (9.92)

Thus the quantization of the Maxwell field in Coulomb gauge (and thus in any gauge) indeed produces the
Fock space of non-interacting photons.
We can also compute the two-point function of the Coulomb gauge field in the usual way:

QlAC 1) dd- Ip di- Ly 1 - (5 NP T2=i w1 (g ol 9)
(147 (2) A7 (21)[92) Z 2met 27Td 2 gy " en(p,0)es (P, 0')e (Qazoag 518

_ / ddilp Eg eu(ﬁa o)e;(p,o) et (wa—x1)

(27)d—1 2wy

(9.93)
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In fact this equation is true in any gauge for the appropriate choice of e, ; imposing Coulomb gauge we have
Ap = 0 and the two-point function of the spatial components of A€ is
d''p O —

Qi@ A5 = [ Gy

e'P(w2=m), (9.94)

2&]13*

This is a rather unpleasant and non-covariant expression, which we landed on due to the complicated Lorentz
transformation properties of Aj,. We can also consider the time-ordered correlation function, which has the
nicer (but still not covariant) expression

c . dp —i oD o)es(Dyo) i izo—w
<Q|TA#(:C2)AV(:51)|Q>:/(%)d )Y ],)2(_2_6) (7:9) ipea-an), (9.95)

which again is valid also in other gauges. Next time we will see using the path integral that if we are
sufficiently clever we can justify replacing the helicity sum in the numerator with 7,, in Feynman diagram
calculations, which certainly improves our quality of life going forwardﬁ

Problems:

1. Work out the relationship between SI and Heaviside-Lorentz units (not setting ¢ = 1). Hint: you can
rescale the definition of charge by (gsr, psr,Jsr) = a X (¢ur, prL, Jur). How should you rescale Fg;
and Bg; and what is the value of o?

2. In d = 3 there is a variant of the Maxwell action we can write down called the Chern-Simons action,
given by
k
Sos = o~ / dxe*PT Ao F.. (9.96)

The factor of 47 is there because for subtle topological reasons if we define our Maxwell field to allow
for magnetic monopoles (i.e. we take the gauge group to be U(1) instead of R), then we need to take k
to be an integer. What are the equations of motion of this theory and what is the conjugate momentum
to A? What is the Hamiltonian?

3. Confirm equations (9.89) and (9.91)).
4. Derive the Hamiltonian (9.92) starting from (9.81]).

5. Our first theory with charged dynamical fields coupled to electromagnetism is scalar electrodynam-
ics, which is a theory of a complex scalar field ® coupled to a Maxwell gauge field A, with Lagrangian
density

1
L= =7 Pk - (0,9 +igA,®*)(0"P — igA" D) — m?|D|2. (9.97)
What is the current density appearing in Maxwell’s equations? What is the equation of motion for
®? What are the canonical conjugates of ® and ®*, and what is the current density expressed in
terms of the canonical coordinates and momenta? Show that this action is invariant under the gauge
transformation
A; =A,+ 0,0
P = 1P, (9.98)

38If you want to try to justify this replacement now, there is a somewhat convoluted explanation in section 8.5 of Weinberg.
The rough idea is that the non-covariance of the propagator in Coulomb gauge is precisely that which is needed to remove the
non-locality in the Coulomb gauge Hamiltonian which arises once dynamical charges are present. From the point view
of our covariant formulation no such gymnastics are needed.
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10 Quantum electrodynamics II: charged matter and the path
integral

In the previous section we quantized the electromagnetic field in the presence of a conserved background
current J#. In the real world currents are of course made out of charges, so we now need to introduce charged
matter fields. We will then use the path integral approach to derive the Feynman rules for photons coupled
to spinor and scalar charged fields.

10.1 Charged matter

The obvious guess for how to make a conserved current J# out of matter fields is to take it to be the Noether
current for a global symmetry. The integral of p = J® over space is the charge which generates the global
symmetry for which J* is the Noether current, so apparently

[/ ddlxp(t,f),H} =0. (10.1)

We saw in the previous section however that in order to construct a sensible Hilbert space and Hamiltonian
for quantum electrodynamics it is necessary to impose the Gauss constraint

V-Tli+p=0 (10.2)

independently at each point in spacetime. In order for the Hamiltonian to preserve the set of states which
are annihilated by this constraint, we need to generalize (10.1]) to

[Qu, H] =0 (10.3)
with
Qu = /dd_lx (wp ~0- ﬁw) (10.4)

being the gauge generator we found before (see equation ) and w(t,Z) being any function that ap-
proaches a constant at spatial infinity. In other words the Hamiltonian should be invariant under an op-
eration where we simultaneously perform a gauge transformation on A, and also a transformation of the
matter fields where the “amount” of the symmetry transformation at each point in spacetime is set by this
gauge transformation.

One simple example of such a theory is scalar electrodynamics, which takes a complex scalar field of
charge ¢ and couples it to a Maxwell field A, through the Lagrangian

1
L=—Fuk" - (0,7 +igA,®") ("D — igA D) — m* DT P. (10.5)

You showed on the previous homework that this Lagrangian density is invariant under the combined gauge
transformation

A () = Au(e) + 0,92)
' () = 1N P(x). (10.6)

Note in particular that the quantity
D,® = (0, —iqA,) P, (10.7)

usually called the gauge covariant derivative of ®, has the simple gauge transformation

(D,®) =¢€"’D,d. (10.8)
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This example is actually a bit more complicated than one might like however, since the quadratic term in A
suggests that perhaps the current J# has some nontrivial dependence on A,. This concern is not actually
realized once we express the current in terms of the canonical momenta, but anyways we can avoid it by
instead coupling to a charged spinor field ¥. This brings us to our next example of a gauge theory coupled
to matter, spinor electrodynamics:

1 —_
L= —ZFWFW — (ﬁ—l—m) v, (10.9)
where
D, =0, —iqA, (10.10)

is again the gauge covariant derivative and ¢ is the electric charge of the spinor field. The current which
couples to A, is simply B
JH = —qU~HU, (10.11)

which is indeed the Noether current for the charge rotation symmetry WU’ = ¢W. The spinor electrody-
namics Lagrangian is invariant under the gauge symmetry

AL(x) = Au(x) + 8MQ(33)
U (z) = 9@y (x). (10.12)

Spinor electrodynamics is arguably the most successful scientific theory we possess, explaining most of atomic
physics, chemistry, radiation, etc, to extraordinary precision. We will spend much of this section and the
next two studying it in some detail.

10.2 Some comments on charge quantization and topology

We'll now make an aside on the possible values of the charge q. The scalar or spinor Lagrangians we’ve
written above make sense for any real value of ¢. On the other hand there is extraordinarily good experimental
evidence for the principal of charge quantization, which says that the electric charge of any object in nature
is an integer multiple of the proton charge. In SI units the proton charge is

e = 1.602176634 x 10~° C, (10.13)
while in Heaviside-Lorentz units it is is dimensionless,

e =.302822.... (10.14)

This dimensionless number is usually reported in terms of the fine structure constant

2

1
= .0072973525643(11) ~ ——. (10.15)

@= drmeghe 137

Why should charge be quantized? We don’t know for sure of course, but there is a very plausible potential
explanation in terms of the topology of the gauge group. So far we have been assuming that €2 is a function
of spacetime that takes values in R. We can describe this mathematically by saying that the gauge symmetry
group is R. On the other hand let’s imagine that there is some constant e such that we should identify

Q~at 2T (10.16)
e

We describe this by saying that the gauge symmetry group is now U(1). Looking at the matter field
transformation

U = "1y, (10.17)
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this will only be consistent with the periodicity of §2 if we have

(9 _ gia(+2m/e) (10.18)

or in other words q

- € Z. (10.19)
This is precisely the statement of charge quantization! Since there is extraordinarily good evidence for charge
quantization, most physicists view this as strong evidence that the gauge group of electromagnetism is indeed
U(1) instead of R.

Why didn’t we have to discuss the topology of the gauge group earlier? For the most part we were
studying Maxwell theory in Minkowski space, in which case the spectrum of the Hamiltonian (i.e. the set of
photon states) is independent of whether the gauge group topology is U(1) or R. The only immediate effect
of having the topology be U(1) is that we can only couple the gauge field to charged fields with ¢ € Ze. On
the other hand if the spacetime topology is nontrivial then we can detect the topology of the gauge group
even in the absence of charged matter. For example in 1 + 1 dimensions we found the holonomy degree of
freedom

L
h= / det Ay, (10.20)
0
which we argued was gauge-invariant via the manipulation
R =h+Q(L) — Q(0). (10.21)

If the gauge group is R, then this manipulation was correct. If Q has periodicity 27” however, then it is
possible to have gauge transformations which have nontrivial winding as we go around the circleﬂ

2
Q(L) = Q(0) + %” ne L. (10.22)
We then can only conclude that
2
W=h+I" ez (10.23)
e

In order to get something gauge-invariant we thus need to promote the holonomy to a Wilson loop
W = efeh, (10.24)

Another way to think about this is that the quantum mechanics of U(1) Maxwell theory on a circle in 1+ 1
dimensions is that of a particle moving on a circle of circumference 2?” (not to be confused with the spatial
circle, whose circumference is L).

There is another important feature of U(1) gauge theory: if the gauge group is U(1) then the theory

allows for magnetic monopoles, which you will show on the homework have possible magnetic charges
Qmagnetic = / é ' dff: - n € 7. (1025)
S2

So far these have not been observed in nature, which one might use as an argument against the possibility
of U(1) topology for the gauge group, but on the other hand monopoles are expected to be heavy and so
hard to produce and the quantization of charge is quite compelling.

391f you like topology this has to do with the fact that 71 (S!) = Z.
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10.3 Gauge-invariant charged operators

In quantum electrodynamics charged local operators such as ® or ¥ are not gauge-invariant, so they do not
act within the physical Hilbert space H. We can nonetheless use them to build gauge-invariant operators
that do act on H. There are a number of ways to do this, here are some examples:

e Combine ¥ and§ or ® and ®' at the same > point into a gauge-invariant local operator such as the
current J* = —qU~* U or the mass operator UW.

e Combine ¥ and ¥ or ® and &' at different points using a Wilson Line:
U(y)e'dJe Adog (), (10.26)

where C' is any curve in spacetime which goes from x to y and ¢ is the charge of ¥. This is gauge-
invariant due to the Wilson line transformation law:

eiq Jo Al dx _ eiq Jo A-dziq [, 0Q-dz _ eti(y)—ti(r). (1027)

The operator (|10.26f) is non-local, acting with it on the vacuum creates an fermion and antifermion
connected by a line of electric flux.

e Connect a local charged operator to spatial infinity using an infinitely long Wilson line:
Uo(z) = et lo Aoy (g), (10.28)

where now C' runs from z to an arbitrary point y at spatial infinity. Acting on the vacuum this operator
creates an antifermion connected to infinity by a line of electric flux. It is invariant under any gauge
transformation which vanishes at infinity, which you’ll recall are the ones we quotient by in defining
the physical Hilbert space H. ¥ (z) is sometimes called a “dressed” field, with the Wilson line being
the “dressing” of the “bare” charged field ¥(x).

The last operator is interesting because it transforms nontrivially under gauge transformations which ap-
proach a nonzero constant at infinity. We saw in the last section that these are generated by the total electric
charge operator Qcjectric, and indeed we have

efiGQEzEcm'c\T,C(x)eiGchccmc — 6i9q\jc(x) (10.29)

This is essentially just Gauss’s law: the electric field created by \Tlc(x) is detected by
Qelectric = / E-dA. (10.30)
s&?

Dressed operators such as \Tlc(x) have an interesting interpretation in terms of gauge-fixing. For example
let’s take C to be a straight line in the 2! direction from (¢, x, #*) to (t,00,#1). Now let’s go to axial gauge
A; = 0. We then simply have B

Uo(x) =¥ (x), (10.31)

so in other words we can think of \T/c(x) as the gauge-invariant description of the charged field in axial
gauge! It is nonlocal, just as our gauge-invariant Coulomb gauge-field Aj, was in the previous section. This
naturally suggests the question of how to come up with a gauge-invariant description of the charged field in
other gauges, for example Coulomb gauge. To answer this question it is useful to first introduce a rather
general set of dressings, defined by

U(t, ) = e fo @ WBa Ay () (10.32)

where Ecl is any solution of Gauss’s law with charge distribution

p(7) = 0" Z - (10.33)
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at time ¢. The axial gauge dressing just mentioned has this form with
Ea(y',7%) = ab(y' — 202 (7 — ), (10.34)
which you can check indeed obeys Gauss’s law. In general we have the gauge transformation
ot Is, d*lyE. A’ o Is, dd’lyﬁcl~§ﬂei Is, A4 lyE A

— Q00 Qelectric—ia:(x) i J, dd*lyﬁcl“‘y’ (10.35)
so W(t,7) has the same gauge transformation as W¢ (¢, Z) and in particular is invariant under gauge trans-

formations which vanish at infinity. As you might guess, to get the Coulomb gauge dressing we should
take

Eu(§) = Vo (10.36)
with q
pa () = (= 3) 0]y — 2[5 (10.37)
since then we have
/ A7 YEy A=~ | ¢aV-A+ [ ¢qA-dA (10.38)
R e %,

which vanishes in Coulomb gauge since V-A=0and qbclff goes to zero at infinity fast enough to make the
boundary term vanishm

10.4 QED path integral I: gauge-invariant formalism

To prepare for perturbative calculations in quantum electrodynamics, we’ll now introduce the path integral
formalism. Let’s first recall that the physical Hilbert space H is constructed from Hp;, by imposing the
constraints

=0
V-Ii+J%=0. (10.39)

The first constraint is easy enough to impose by restricting to wave functionals which depend only on A', but
the second is more complicated. Let’s therefore define an “intermediate” Hilbert space H;n; consisting of
wave functionals which are independent of Ay, but on which we haven’t yet imposed the Gauss constraint.
We'll then define a projection Pgy on H;p,: which projects to the physical Hilbert space H that is annihilated
by the Gauss constraint.

We next recall that the key step in deriving the path integral is computing the matrix elements in the
position basis of the infinitesimal time-evolution operator e~ *¥ | for example in the bosonic case we had

. d . ’ . ’
(q'|le " HQP)|g) ~ / %ew(q —q)—icH(q'p) (10.40)

In electrodynamics however the Hamiltonian H is only well-defined on the physical Hilbert space, so this
equation cannot hold in H;,:. In order to compute something sensible, we need to include the projection
Pgr in some way. To this end we’ll note that we can write Pgy in terms of a path integral over a quantity
we will prophetically call ag:

fDaOeiefddflwao(JU+6-ﬁ)

fDao ’
40The vanishing of the boundary term is clear for d > 4, as A and ¢ should both fall off like 1/7“‘7l’3 so we can naively

estimate the size of the boundary term as r?=2/r2¢=6 = 1/rd=% For d = 4 one needs to think more the structure of ¢. and A
in Coulomb gauge to see that the boundary term still vanishes, I’ll leave the details to you.

Por = (10.41)
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where ag is taken to go to zero at spatial infinity and the infinite quantity in the denominator is there to
ensure that acting on a gauge-invariant state we get onelﬂ We then have the following manipulation@

A -, - o = -,

(A'|e~teHALD) p ) A) / Dr(A'|(1 — ieH(A, T, J)|x) (7| Per] A)

1 . . . .
~ 75 /DaO/Dw<A’\7r><7r\A>(1—z’eH(c‘i’,ﬁ,j))(l—i—ie/dd_lxao(jo—l—v-fr'))
ao
! /Da /D e i/dd_lx @-d H(@,7,]) +ao(j° + V- 7)
~ mex € —_— T — m * T
fDaO 0 p p y 5] olJ
1 . d—1 .
Danete S 4 eL(ad) 10.42
. fDao/ o€ ’ ( )
where 1 1
Hziﬁ'ﬁ—i—if“fij_&'j (10.43)

is the Maxwell Hamiltonian density and as usual we have ordered operators in H (and the matter fields in
J%) so that canonical momenta appear to the right. In the last line we have performed the Gaussian integral
over the canonical momenta by setting )

7=d—Vag (10.44)

and dropping a determinant factor and a total derivative, resulting in a spatial integral over the covariant
Maxwell Lagrangian density

1
L= _wafw + gt (10.45)

Thus the covariant path integral automatically imposes a projection onto gauge-invariant states in addition
to time evolution by the gauge-invariant Hamiltonian! Following our usual procedures we then end up with
a fully gauge-invariant and Lorentz-covariant expression for time-ordered correlation functions of gauge-
invariant operators in the vacuum:

_ fDaD¢D¢* Oxla,¢]...01]a, d)]eisg[a,(ﬁ’w]

(QITON[A, ®]...0:[A, ]|Q) = DaDdDir e s s , (10.46)

where as usual the ie prescription in the action is used to project onto the vacuum at early and late times
and ®/¢ represent the matter fields. O; and O are taken to be gauge-invariant, otherwise on the left-hand
side we should sandwich them between projection operators Pgy.

Unfortunately in gauge theories the gauge-invariant path integral is in some sense “too pure” for
practical calculations. The problem is that the integrals in the numerator and the denominator both generate
infinite factors due to the fact that directions in field space which correspond to to gauge transformations
are “flat directions” of the integral. We therefore should divide both the numerator and the denominator by
the (infinite) volume of the gauge group in order for them to be (reasonably) well-defined. In fact our above
argument essentially generated these factors, in the guise of the denominator [ DAy. This leads to some
inconvenient infinities when we try to do perturbative calculations. For example we can try to compute a
two-point function of the gauge field A,,. A, itself isn’t gauge-invariant of course, but its two-point function
will regularly show up as in intermediate step in calculations of gauge-invariant quantities so we had best
say a little about it. We can write the kinetic term in the exponent as

—%/ddajfwf‘“’ = —%/ddacddyau(a:)ay(y)A“”(x,y), (10.47)

411f we take the gauge group to be U(1) then we should integrate ap at each point in space over the range -z, i), which
becomes (—o0,00) in the continuum limit € — 0. We can therefore interpret the factor in the denominator as the volume of
the gauge group on a given time slice. This statement becomes precise if we introduce a lattice regulator, as we will do next
semester.

42Here 1 don’t write the matter fields explicitly except through their appearance in the current .J, but of course these need

to be included in the Hamiltonian and integrated over as well.
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with®]

0? 0? d
n -y, e _
A () Z(@z“@x” U 8xa3xa>6 (z —y). (10.48)
The photon propagator
dip ,
A —y)=[| —=A -(e—y) 10.4
;W(x y) /(27r)d ,W(p)e (0 9)

should be the inverse of A*" in the sense that
/ddyA“”(x, YAy — 2) = 654 (x — 2). (10.50)
In momentum space this is equivalent to the requirement that
i(p*n™ — p"p”)Aua(p) = 64 (10.51)

We now meet the essential problem: the matrix (p?n*” — p#p”) is not invertible! Indeed it has p, as a zero
eigenvector, and so there is no quantity A, (p) obeying (10.51). This shouldn’t be a surprise of course,
as A, isn’t gauge-invariant and we saw before that to give it a well-defined two-point function we need to
gauge fix. This isn’t to say that is wrong by the way, it isn’t; the ambiguity in defining the inverse of
A" all cancels when we use use the propagator in gauge-invariant quantities. Indeed the Euclidean lattice
version of is the starting point for rigorous lattice calculations in quantum electrodynamics, so it had
better not have any fundamental problems. Nonetheless for perturbative calculations it is useful to have a
nice photon propagator; we’ll now learn how to get one.

10.5 QED path integral II: fixing the gauge

The most obvious way fix the gauge in the QED path integral is simply to only integrate over configurations
which respect the gauge-fixing condition. This approach to the path integral is described in Weinberg’s
book, where he derives it starting from the canonical quantization in Coulomb gauge that we discussed in
the previous section. It leads to path integrals which are somewhat difficult to evaluate in practice however,
as one ends up needing to insert a factor

[16(V - A)) (10.52)

in the Lagrangian path integral to impose the gauge condition (and thus to get rid of the infinite
factors of the gauge group volume in the numerator and denominator in ) It was realized by Faddeev
and Popov however that we can get a more manageable path integral if we instead impose the gauge constraint
more softly, via a Gaussian suppression of configurations that don’t obey the gauge fixing condition rather
than a delta function suppression. We’ll now see how to do this starting directly from our gauge-invariant
path integral . Working just with the numerator, we have the following manipulation:

[ PasDs Onlad)...Ola,glets 407 o [ Dfe3e 758" [ DaD4DG" Onla 6. Osla, gl 00

x /DQDQD¢D¢* ON[G/, ¢] o O] [a7 (b]eisé [a’¢’¢*]7% fddz(auaﬂ+82ﬂ)2

= /'DQ'DCLQ'D(ﬁQ'Dd)a ON[G/Q, ¢Q] ...Oq [CLQ7 (b]eise[an’(bﬂ,tﬁ;z]*i J d%z(8,ak)?

> / DaD¢De* Onla,9]... O [a, gleSelod¢7 = [ (0,7,
(10.53)

43We should replace the time derivatives here by (1+414€)0; to implement the ie prescription, I'll leave this implicit to preserve
covariant notation.

109



In the first line we simply multiplied by a constant, and then in the second line we changed variables in the
f integral from f to Q via the field-dependent expression

f=0,A" +9%Q. (10.54)

This change of variables generates a field-independent determinant det(9?) which we discard (hence the o).
Each value of f is attained in this integral since we can always solve for Q using the Green’s function
for the scalar wave operator 92. The solution is not unique since we can add to € any function which
solves the massless wave equation, so the integral over {2 generates an additional constant factor reflecting
this redundancy (which is the same redundancy which prevented the Lorenz gauge from being a complete
gauge-fixing). In the third line we then use the gauge invariance of the path integral measure and action, as
well as the operator insertions O; ... Oy, using the abbreviated notation

(ag)y = ay + 0,9
po = €1, (10.55)

and then in the final line we change the integration variables from (agq, ¢q) to (a,¢) and then perform
and discard the integral over 2 which now gives a field-independent constant. You may worry about the
convergence of the f integral, but implicitly here we are using the ie prescription ¢t = 7(1 —i€) so the measure
in the d?z integral includes a factor of (1 — ie) which makes the f-integral convergent for & > 0. The final

upshot of this is that we can replace equation (10.46|) by@

i‘a,,*_% d g ,l,a‘bz
<Q|TON[A (D}---Ol[A (I)HQ) _ fDaD¢D¢* ON[G,QS}...Ol[a,QS]e? [a,0,0%] == [ d?z(8,a") (10.56)
) ) fDaD(;ﬂ)(b* eiSe[a*d”d’*}*ﬁfddI(BHaH)Q ,

for arbitrary £ > 0. This is a substantial improvement on ({10.46|), as at least those gauge transformations
which have 9?€Q # 0 are now suppressed in the integral.

Let’s see what this says about the photon propagator. Including our new “gauge-fixing” term in the
action, equation ([10.48]) is now modified to

vy =i ((1-8) & & Ny (10.57)
HY=r R A Y o '

To get the propagator we thus now want to solve
. v 1 AW
i (p2n“ - <1 - 5) p'p ) wa(p) = 0%, (10.58)

whose solution you will show on the homework is

A — ymz Pubv
Au(p) = —i (pg_le -(1- f)(pg_ie)Q) : (10.59)
The position-space photon propagator is thus given by
A ,/(33 . y) _ / ddp —i7];w + 2(1 - 5)% eip(z—y). (1060)
" (2m)® \p? —ie (p? —i€)?

Anyone sane would look at these expressions and immediately set & = 1, which is called Feynman gauge.
There are however a few other options which are considered, most commonly the Lorenz gauge £ = 0, in

44Tt must be acknowledged that the interpretation of this procedure in the operator formalism isn’t so clear: does canonical
quantization make sense if we only suppress configurations which violate the gauge-fixing condition rather than forbidding
them entirely? The answer to this question ends up being “yes”, but we need to introduce a rather involved formalism called
BRST quantization to see it. We won’t pursue this further here, as anyways we already have a gauge-invariant operator
interpretation of the path integral through our construction of the physical subspace of Hy;,.
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Figure 21: Feynman rules for spinor electrodynamics. Photon propagators are indicated by wavy lines.

which case the Gaussian in the path integral becomes a d-function imposing the Lorenz gauge condition.
True masochists can work with £ as a free parameter, as it gives a useful check that any physical observable
must be independent of £. We however will stick with Feynman gauge, so from now on our photon propagator
is

ddp 7“7 vV ip(x—
Bl =) = [ 5B oD = Gl —). (10.61)

10.6 Feynman rules for spinor electrodynamics

We are now in a position to state the Feynman rules for computing gauge-invariant correlation functions in
spinor electrodynamics. These are exactly the same as for Yukawa theory, except for three updates:

e Instead of the Yukawa interaction —ig¢ynp, which supplies a factor of g for each vertex, we now have
the QED interaction fqaﬂﬂfy“zb, which supplies a factor of —igy* for each vertex. The v* matrix is
multiplied by the fermion propagators which are attached to the vertex, with the multiplication going
from right to left in the direction of the fermion arrows as in Yukawa theory.

e Instead of the scalar propagator _
A —1i

Gr(p) (10.62)

P2t mg — ie
we now have the photon propagator .

A _ T

AL(p) = e (10.63)

e In order to use these expressions the external operators must be gauge-invariant.

The new ingredients are shown in diagrammatic form in figure
To illustrate these rules the leading diagrams contributing to the two-point function of the gauge-invariant
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Figure 22: Leading diagrams for the two-point function of the gauge-invariant operator ¢1) (self-contractions
are removed by normal ordering).

AVAVAVAVER: +...

Figure 23: Leading diagrams for the photon propagator.

operator YW are shown in figure They give the two-point function
(QTTT ()PP (y)|) =~ qur(SF(x ~y)Sr(y - Jr)) — ¢*(~iq)® / d'z /dd22AW(Z2 —z1)

x Tr (Sp(x — 29)7Y SE(220y)SF(y — 21)7"SFr(21 — )
+ Sp(x —y)Sr(y — 2)2)7"Sr(22 — 21)7" SF(21 — x)

+ Sp(z — 22)7"Sp (22 — 21)7v* Sk (21 — y)Sr(y — m)) . (10.64)

In the next section we will learn how to compute perturbative scattering amplitudes in QED.

Problems:

1. Show that the Maxwell kinetic term indeed can be written as (10.47)) with A*" given by (10.48]), and

also that (|10.59) solves (10.58)).

2. Starting from ([10.59), write an expression for the free time-ordered two-point function of F, in
momentum space. Make sure that your answer is independent of &.

3. Write out position and momentum space expressions for the one-loop correction to the F),, two-point
function from the diagram shown in figure You don’t need to evaluate the trace or the loop integrals.

4. In this problem we’ll pursue one approach to the Dirac quantization of magnetic monopoles. One way
to think about magnetic monopoles is that on a two-sphere surrounding the monopole the gauge field
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is given in spherical coordinates by[™]
Ay = —23(1 + cosh). (10.65)
e

Show that this gauge potential describes a constant magnetic flux through the sphere, whose integral
is

B.dA="-—. (10.66)

Compute the holonomy
2
h= / oA, (10.67)
0

around a circle of constant #. Does this vanish at § = 77 How about at # = 07 In U(1) gauge theory
the Wilson line '

W = eleh (10.68)
should become the identity for a circle of vanishing size. Applying this to the circle at § = 0, what do

we learn about n?

5. Extra credit: show that the boundary term in (10.38]) vanishes for d = 4. Hint: think about the
multipole expansion of ¢ at large  and use the Coulomb gauge condition.

11 Quantum electrodynamics III: scattering

In this section we will learn how to compute perturbative scattering amplitudes in spinor electrodynamics
(scalar electrodynamics works in a similar way). We will follow our usual practice of using the LSZ formula
to extract the Feynman rules, being (somewhat) careful to address the new subtleties that arise from gauge
invariance.

11.1 Asymptotic states in quantum electrodynamics

In the last section we arrived at a simple covariant formula for computing correlation functions of gauge-
invariant operators in quantum electrodynamics using the path integral (now switching to spinor notation
for the charged fields):

e - 1 _iSc[a,, ) — 2 [ dPx(8,a")?
(QITON[A, U, T)...O[A, U, T||) [ DaDy Dy Onla,p, ]...01[a, 1, PleSclav:¥] s [ dix(9uat)

[ DaDyDyp ¢iSelot v*1=s¢ [ d'a(9uar)? ,
(11.1)
where O; ...Op are all gauge-invariant. We also saw how to evaluate this path integral perturbatively using

Feynman diagrams, in which we chose to set £ = 1 and use the photon propagator

o 72‘77#1/
AL (p) = ——. 11.2
wB) = (11.2)
As usual the spinor propagator is
. i(p + im)
Se(p) = & (11.3)

Cp24+m2 —ie’

45Note this is using the physics convention where § € (0,7) is the polar angle and ¢ € (0,27) is the azimuthal angle. Also
beware that here Ay is the ¢ component of the one-form A, i.e. the one-form is Agd¢. Ay is not the component of a vector
A in the direction of a unit vector (13, so if you want to use formulas for the spherical curl e.g. in Griffiths then you need to
figure out how to rescale Ay. Your life will be easier if you instead just integrate the two-form F},, on the two-sphere using the
intrinsic definition of the integral of a two-form on a two-manifold.

113



where m is the (bare) mass of the electron, and the interaction vertex factor is —igy*. The next step in
most QFT textbooks is to take each O; in to be A, ¥, or \Th and then apply the LSZ formula to
extract the S-matrix by taking the external momenta to be on shell and stripping off the resulting poles.
Unfortunately however these operators are not gauge-invariant, so this manipulation is not justified without
some further explanation.

For A, the idea is simple: what the LSZ procedure really requires us to do is take the Fourier transform
of A, take the external momentum to be on-shell, and then contract with e**(p, o) for a photon in the final
state or €”(p, o) for a photon in the initial state. In the path integral this means that the operator we are
really inserting is

e"*(p, a)/ddzefip'zau(z) (11.4)

with p® = |p| for final state photons and
et(p, o) / d?zea,(z) (11.5)

with p® = |p| for initial state photons. The polarization vectors here are chosen in some arbitrary gauge,
for example we can use the Coulomb gauge e#. Regardless of the choice we make the operators ((11.4) and
(11.5)) are actually gauge-invariant, since under a gauge transformation

a, = a, + 0,8 (11.6)

the Fourier transform of a,, changes by ip,£)(p) and on-shell we have e -p = €* - p = 0. Thus we can use
and in with no problem@

The situation is substantially more complicated for the electron/positron fields ¥ and ¥. As explained
in the previous section, to make these gauge-invariant we need to dress them using a classical solution of
Gauss’s law:

T(z) = o, @ B Ay (11.7)

We can think of the dressing as creating a coherent state of the electromagnetic field, and in a proper
treatment of the asymptotic states of QED this coherent state must be included in order to get sensible
transition amplitudes. The theory of these asymptotic states goes well beyond what we can reasonably
cover in this class, there is a nice four-paper series “coherent soft-photon states and infrared divergences”
by Kibble from 1968 which I encourage you to look at if you want to learn more about it. There is also a
famous paper by Faddeev and Kulish a few years later which is more commonly cited, it simplifies somewhat
Kibble’s formalism but the connection to LSZ is less clear. T will content myself with just making a few
comments:

e Due to the nonlocality of ¥ and the masslessness of the photon, when we Fourier transform correlation
functions involving ¥ and go to on-shell momenta the singularity we find is modified from a simple
pole to a branch cut. Extracting the scattering amplitude now requires isolating the coefficient of this
cut.

e The details of the solution Ecl end up not contributing to the coefficient of the branch cut as the
external momentum goes on shell, it is only the small-momentum part of its Fourier transform which
matters and this serves primarily to cancel certain “soft photon infrared divergences” that arise at
higher orders in perturbation theory applied to the “bare” correlation function.

e Indeed in the standard textbook treatment of QED the dressing is neglected entirely: one simply inserts
bare charged fields into the path integral (11.1)) and then tries extract an S-matrix. A price is paid

460f course we could also just use the gauge-invariant operator Fl,, in the LSZ formula, which would remove the need for this
discussion, but that introduces an unnecessary extra index and for the non-abelian gauge theories we’ll discuss next semester
the analogue of F),,, isn’t gauge-invariant so we might as well stick with A,.
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Figure 24: External leg factors for computing the connected covariant amplitude MC in quantum electro-
dynamics. As in Yukawa theory we should sum over all pruned connected diagrams, with the external
propagators replaced by these factors. The dot indicates the interaction vertex which is connected to the
rest of the diagram, so the top row are final state factors and the bottom row are initial state factors.

however for doing this: the dressing factors no longer cancel the soft photon infrared divergences, and
in fact the latter set the scattering amplitude to Zerom The textbook approach to this (see chapter
13 of Weinberg for a nice presentation) is to introduce a small photon mass to regulate the divergence,
square the regularized amplitude to get a differential cross section, and then sum over the number of
low-energy photons in the final state and integrate over their momenta. One can then argue that this
“inclusive” differential cross section is finite in the limit that the mass of the photon goes to zero.

I must confess that I was never happy with the standard approach described in this third bullet point -
why should we need to introduce a nonzero photon mass when the correlation functions of gauge-invariant
operators are all finite? Is it really true that it is only the squares of transition amplitudes which make
sense in QED, and if so is this a modification of quantum mechanics? The approach based on dressing and
coherent states described by Kibble/Fadeev/Kulish is much more satisfying to me, since charged particles
really do come together with their Coulomb fields and neglecting this is a crime for which one should be and
is punished. This does not mean that the differential cross sections computed by the standard method are
wrong of course, but to properly interpret them it is better to remember the dressing.

Fortunately for us the QED calculations we will actually do are either at lowest order in perturbation
theory, in which case we can neglect the dressing part of ¥, or they involve one-loop diagrams which can be
interpreted entirely in terms of gauge-invariant correlation functions where these infrared subtleties are not
important. We thus will for the most part leave the infrared problem here.

11.2 External leg factors

In our discussions of ¢* theory and Yukawa theory, we saw that to compute the connected covariant scattering
amplitude iM, one sums over pruned connected Feynman diagrams, with the external fermion factors shown
in figure [I5] Up to the infrared issues just mentioned we can use the same factors for external fermions in
spinor electrodynamics, so the final ingredient we need are the external factors for photons in the initial and

47This zero is quite intuitive, what it is saying is that you are never going to produce an electron without its Coulomb field.
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final states. We can define a photon renormalization factor Z, by

i(k#ey(ﬁ, o) — kueu(lz, J))
Zy

QCUE

(QFu (0)|E, 0,7) = , (11.8)

where |E, 0,7) is a one-photon state (one-photon states are well-defined in QED, unlike one-electron states
since the latter need to be dressed). To get an element of iM,. we want to remove the LSZ factors of

i/ 2wy, -
Zy Zeu 0 ﬁ(kﬂlﬂﬂ (11.9)

for each final-state photon and

Z, Ze (%, o) V 2wk\k ) (11.10)

for each initial-state photon in correlation functlons mvolvmg A,. The exact external propagator legs in the

correlation function near the mass shell each have the form
9 ”hw
Z'y k2 _

- (11.11)

where J” indicates the current that the propagator is contracted with at the interaction vertex, and so
to extract the scattering states we should strip off the exact external propagator by only drawing pruned
diagrams and then contracting each interaction current J* which is attached to an external line with a factor
of Z,ye“(l;",a’) for each photon in the final state and a factor of Z,ye#(lg, o) for each photon in the initial
state (the factors of /2wy are absorbed into the definition of iM,, which removes these factors and also the
overall momentum-conserving d-function. These rules are shown in figure

In the traditional approach to the renormalization of QED the phase of ¥ and the sign of A, are adjusted
so that both Z, and Z, are real and positive, and one then defines the conventional factors

Zy =2
Zy =/Zs. (11.12)

We will see in the next section that the electron charge ¢ must be renormalized, and this renormalization is
conventionally parametrized by a constant Z; > 0 via

Z
q= Z37jqo, (11.13)

where ¢q is the bare electron charge. In fact however this constant is not free: if we define the renormalized
fields

Up = Z_1/2
Apy =75 2 Ay, (11.14)
then to preserve the gauge invariance of the covariant derivative we must have
O — 1qrARu = Op — iqo Ay, (11.15)
and thus
71 = 7. (11.16)

The electron mass m is also renormalized as
mp =m+ om, (11.17)

so to work out the renormalization of QED we need to compute the three quantities Z,, Zs, and dm. We
will return to this in the next section when we consider loop diagrams.
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Figure 25: The tree-level contribution to et e™ — p™ p~.

11.3 efe” — puT pu~ at tree level

Let’s now consider our first QED scattering amplitude, the scattering of an electron-positron pair to a muon-
antimuon pair. This process only has one diagram which contributes, which is shown in figure (had we
had an electron-positron pair in the final state there would have been another diagram). According to the
Feynman rules, the connected covariant matrix element is

L~ o - > - =
T, = (-0 TR ) o o (F, 021y s, o)
P el !

RS (11.18)

where in the second line we’ve adopted the same abbreviated notation for u and v that we used in Yukawa
theory and also set ¢ — 0 since there are no integrals over momentum since we are at tree level. To compute
the spin-averaged differential cross section we need to square this and sum/average over the external spins.
Noting that

(f1*9)* = g1 f =gy f (11.19)
for f, g equal to any u or v, we have (setting d = 4)
—~ q4
Z |M.|* = o+ ko)A Zﬂl/’wﬂz/@’7”“1@2%16151%02
o,0’ 1 2 o,0’

4

_ (klj_wﬁ[(%i o im )y (= i)y T [+ iy (K — i)

4
= Gyt (R ) k) k3 = G-k -+ ) (k) + (i) = (B - e+ i )
= Tt (B )k k5) (b )k ) = m ko) = m2 (- 1) + 2.

(11.20)

As usual we can convert this into a spin summed/averaged differential cross section in the center of mass
frame using the formula

0 ave 14 1~
- A NTVAL 11.21
A GAmE2 k| 4 D L (11.:21)

o0’
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In the center of mass frame the particles all have the same energy w = Eyt/2, with
k] = V/? — m2

K] = /w2 —m2, (11.22)

—w? 4+ Jw? —m2,[w? —mZ cost

ky kb= ko -k} = —w? — Jw? —m2 w? —m2 cos

and the various inner products are given by

key K, = kg - )

kl . kQ = —20.)2 +m§
ki - ky = —2w® +m?
(ky + ko)? = 4w (11.23)

We thus have

AL

¢ mg [ g [ N2,

? 1-— 1—F I—FCOSQ —+ 1+ 1—w2 I—FCOSQ +ﬁ(mu+me)
2 2 2 2

oy my, +mg my, m, 2

=q <1+ T a— +(1- o 1- 2 ) cos 0], (11.24)

and therefore

m2

dowe o VEE (bt () wly

i G4n?ER, [, w2 Lt =t (15 | (1- 5 ) cos”0]. (11.25)
_w2€

The spin summed/averaged total cross section is

dogve
ve = Q—
Gave /d dQ
4

2
K 2 2 2
__a VI L Matme (L0 ) me
167 Ef,; /1 _ w? 3 w? w?

4 1 — —& m2 +m2 m2m2
S— @ <1+ b€y < B, (11.26)

127rEt20t 1— m?2
V w2

Note that the cross section vanishes when w = m,, and must be taken to zero below this, since for w < m,,
the electron and positron do not have enough energy to produce the muon and antimuon. This kind of
sudden turning on of a production cross section is called a threshold.

In the real world we have

g 3

rvgw

€
)

3
=

me = 5.1 x 10° eV
my ~ 1.1 x 10%eV, (11.27)

S0 in situations where w > m. it is sensible to set m. = 0 in these formulas, leading to

do q* m? m? m?
we — - L1+ —L+|1--£ 20
dQ 64m2E2, w? + w? + 2

4 2 2

q my m,
ave — 1-— 1 N B 11.28
7 127E2, w? < + 2w2> (11.28)
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Figure 26: Experimental measurement of the R ratio of o4,.(¢™ e~ — hadrons) to the high-energy limit of
Oave(et e — put ™). The jumps around 3 GeV and 8 GeV correspond to the thresholds for the charm and
bottom quarks respectively, with the various other peaks corresponding to hadronic resonances not captured
by our simple tree-level analysis. The solid black line is the tree-level result described in the text. Image
shamelessly stolen from Peskin and Schroeder.

which is a bit simpler but still has clear threshold behavior. In the vicinity of the threshold the angular
dependence of the differential cross section is suppressed, so when the muon/antimuon pair is produced
almost at rest their momenta are essentially equally likely to be pointing in any direction. On the other
hand in the ultra high energy limit w > m,, we can lmost take m, to zero, leading to the nice expressions

dUave q4 2
dQ ~ 64n?ER, (1+ cos”0)
q4
(11.29)

g, = -
e 12nE2,

In particular there is now strong angular dependence of the differential cross section, with the cross section
being peaked at § = 0 (“forward scattering”) and 6 = 7 (“backward scattering”), with the differential cross
section being minimized at § = 7/2. In the total cross section the power of ¢ can be immediately seen from
the diagram and the power of E;,; is set by dimensional analysis, so we only need to evaluate the diagram
to get the 127.

11.4 e' e — hadrons, R ratio

There is a nice application to quark physics of our formula for the total cross section of et e~ —
pT . We have not yet discussed quantum chromodynamics (QCD), which is the fundamental theory of
the strong interactions, but it consists of a set of spinor “quark” fields interacting with a generalized version
of the gauge field A, called the “gluon” field. There are six kinds of quarks, each coming in one of three
“colors”, and the masses and electric charges of these quarks are given by:
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quark type | mass charge
down 4.7 x 10%eV —%e
up 2.2 x 10%eV %e
strange 9.5 x 107 eV —%e
charm 1.3 x 10%eV %e
bottom 4.2 x 10%eV —%e
top 172 x 10° eV %e

Since quarks are electrically charged, we can pair-produce them by colliding electron and positron pairs just
as we saw for muons in the previous subsection. At tree level the diagram is the same as in figure except
that we should label the final state quarks as ¢ and g instead of u~ and p+. Moreover the electron charge
g should be replaced by the quark electric charge the upper interaction vertex (but not the lower one), the
muon mass should be replaced by the quark mass, and we should multiply by a factor of 3 since there are
three colors of quark. Roughly speaking we thus should expect the total cross section for e™ e~ — ¢ to be
given by

ouve(eTe” = qq) = Ro(eTe” — utu), (11.30)

with
R=3) ¢, (11.31)

with the sum being over all quark types whose mass is less than FE.,,,/2 and ¢; being the electric charge of
the ith type of quark. There is a major problem with this expectation however: in QCD the potential energy
between a quark and antiquark grows linearly with distance, so if we try to separate them eventually there
is enough energy to pull more quarks and antiquarks into existence. These additional quarks/antiquarks
combine with the original quark and antiquark to form hadrons, which are bound states of quarks and
gluons such as pions, protons, and neutrons that are uncharged under the strong force. This dynamical
process is called hadronization, and it is the mechanism which enforces confinement - one can never
find quarks, antiquarks, or gluons in isolation. We will learn more about confinement next semester. The
amazing thing however is that hadronization happens at energy scales which are of order

Agep =2 x 10%eV, (11.32)

and as long as we are colliding our electron-positron pair at energies which are large compared to this then
we can cleanly separate the perturbative scattering process shown in figure (with the muon/antimuon
replaced by a quark/antiquark) from the complicated hadronization dynamics. Indeed the only effect of
hadronization is to replace the outgoing quarks by jets, which are collimated streams of hadrons that are
moving roughly in the direction the initial quarks were moving in. Therefore a better version of is

Oave(eT €™ — hadrons) = Ro(ete™ — ut p7), (11.33)

with R again given at first pass by (11.31)). On the right-hand side we are now just looking at the total cross
section where the electron-positron pair produces some kind of hadronic final state - we can hope that away
from special energies this will be dominated by back-to-back jets coming from a ¢g pair. Let’s see what to
expect:

e For center of mass energies above Agcp but below 2m,. ~ 2.6 GeV the R ratio is

3 (;)2 +6 <:15>2 =2 (11.34)

e For center of mass energies above 2m, but below 2m;, ~ 8.4 GeV the R ratio is

2 2
2+3 (3) = ~33. (11.35)
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Figure 27: Compton scattering at tree level.

e For center of mass energies above 2m; and below 2my, the latter of which has not been reached in any
et e™ collider, the R ratio is
10 1\
—+3(=] =11/3=3.7. (11.36)
3 3
The experimental data (as of 1995, sorry) is shown in figure as you can see this rather naive prediction
actually works quite well! It also is quite sensitive to the details of QCD, to get these numbers we needed
to know about how many quarks there are of each charge and also their masses.

11.5 Compton scattering

Another important tree-level process in quantum electrodynamics is Compton scattering, which is the
process e~ v — e~ 7. The two diagrams which contribute at tree-level are shown in figure These two
diagrams sum to

* . . . / . *
ey ) = o (G b B )
Before squaring this we can simplify it a bit by noting that
(k1 4 ko)* +m? = 2k - ko
(ky — K5)? +m? = =2k, - k)
(p + i)y u(p, o) = (v (=p +im) + 2p*) w(p, o) = 2pu(p, o), (11.38)

which give

iM(e™y = e ) =

. 9 * * !k *
—1q" _ ¢2/%2¢2 + Q(kl ) 62)¢2' ¢2k2¢2/ - 2(k1 . 62’)¢2
’ . 11.
2 ( Ky - - ey - kb “ (11.39)

Squaring this amplitude and summing over spins we find

o 4 ] v #+2kl“’/ ;4/1/72]{:1//1
3 o e B L e

— k1 - ko ki -k

(R 4 2k PRy — 2k
x(}é1+zm)< le.k&l + le-k’l )
2

(11.40)
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Note that on the right-hand side we have already summed over the electron spins, but we have left the
photon polarization sums to be evaluated.

In evaluating the polarization sum here there is a quite useful trick. In Coulomb gauge we saw that the
polarization sum is given by

— * [ = PiPj
> eid0)e; (B,0) = bi; — |;|§, (11.41)

while any sum involving e vanishes. We can write this in a more covariant way by introducing a null rigging
vector /*, which is defined to obey

tp, =—1
e, (p,o) =0. (11.42)

More concretely, in d = 4 if p* = (w,0,0,w) then we have ¢# = i(l, 0,0,—1). We then have

> ew@ o)es(.0) = + Lupy + Puls, (11.43)

as you can check by contracting this tensor with p*, ¢, and e” in either index and seeing that it agrees with
(11.41]). This expression actually holds in any gauge provided that after a gauge transformation eit = ey t+ap,
we choose a new rigging vector so that continues to hold. The nice thing about this expression is
that in Feynman amplitudes the external polarization one-forms are always contracted with an insertion of
the electric current j* = —gyy*¢). Since this current is conserved, if we replace any external factor e, (7, o)
or e, (p, o) with p, in a squared scattering amplitude then we must get zero by the current conservation
equation p,j# = 0. This statement is called the Ward-Takehashi identity, as it is a version of the Ward
identity we discussed last semester for correlation functions involving conserved currents@ This means that
in expressions such as , where both indices are contracted with a scattering amplitude, we can simply
make the replacement

> el 0)es(7,0) = - (11.45)

This is essentially the same reason that we could replace the complicated Coulomb gauge propagator by the
Feynman gauge propagator.
Returning now to our Compton scattering calculation, we have

VR + 2Ky Ry — 2kY A
key - fy k- k)

4
g ‘Mc|2 == ananvﬁTr (kll + Zm)

!
vk 42557 PR — 2k

x (fy 4+ im) . o

(11.46)

48 This argument is a bit too quick, as the Ward identity we derived last semester had some contact terms on the right-hand
side:

n
Ou(TJ*(2)01(y1) - - Onlyn)) =i »_ 6%(x — ym)(TOL(y1) .- 650 (ym) - - - On(yn)) + -, (11.44)
m=1
where 50O is the symmetry transformation of O and the ... indicates possible non-universal terms proportional to derivatives

of 6%(x — ym ) which are called Schwinger terms. To get from this to a statement about scattering amplitudes we can observe
that QED scattering amplitudes have the form em*(E’l, 1) ... en (k1,01)...(B|TJ"M (k})...J"1 (k1) ... |a), where |a) and |B)
are the initial and final states of the electrons/positrons. If we replace one of the e or e* by its associated k* we can replace the
current correlator by the Fourier transform of the right-hand side of . The universal contact term does not contribute
since the currents are all neutral under the gauge symmetry. It is more subtle to argue that there are no Schwinger term
contributions, for spinor electrodynamics the argument is essentially that the current J* = —q¥~y*¥ involves no derivatives so
when we compute [J9, J¥] there is no place for a derivative of a §-function to come from. A diagrammatic argument leading to
the same conclusion is given in Peskin and Schroeder.
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From here it is “just” a slog in computing traces of y-matrices to evaluate this, I've left the details to you
in the homework and the result is:

1 — kv -k, ki k 1 1 1 1 \?
ZZ‘MC|2:2(]4 L2 2+2m2( —)+m4(—>]. (11.47)

ky ko | ki K Ty kb Ky ko ky kb ki ko

The next step is to convert this expression to a differential cross section. So far we have been doing this
in the center of mass frame, but Compton scattering is usually studied in the “lab” frame where the initial
electron is at rest. We therefore need to revisit the relationship between the covariant matrix element and
the differential cross section. In the lab frame we have

ki = (ma 6)

ks = (w,wh)

Ky = (Bq, k)

ky = (W' '), (11.48)

where 1 and 7/ are unit vectors, and with a little effort one can show that the energy of the outgoing photon

1S
’ w

T 1+ 2 (1 —cos0)

where 6 is the angle between n and n’. An analysis similar to the one we did in the center of mass frame
(see Peskin and Schroeder for help) then shows that the relationship between squared matrix element and
the differential cross section in the lab frame for the elastic scattering of a massless particle off of a massive
particle is given by

w (11.49)

di 7 (w/)d72 1
dQ  16m2w? (27)d-2

Specializing to d = 4 the spin summed/averaged differential cross section is thus

|M,|?. (11.50)

dogve WH)? 1 ~ 5
aQ  64mm2w? 4 Z ML (11.51)

o0’
Returning to Compton scattering, in the lab frame we have

kl . k‘g = —mw
ki -k = —muw', (11.52)

so combining everything we at last arrive at the famous Klein-Nishina formula for the differential cross

section of Compton scattering:
do ave q* W\ W N w +9 1 1 b2 1 1\2
= — — 4 — m|l——— m° | — — =
dQ 32m2m2 \ w w W w W w o w
w o w .
— + — —sin“ 0|, (11.53)
w

q4 W' 2
T 3212m?2 (w> w

where w’ is given in terms of w and the scattering angle 6 by equation ((11.49). In particular in the non-
relativistic limit w < m we have w’ ~ w and thus

4
doave ~ q

dQ " 3272m?

(14 cos®6), (11.54)

which a glance at an electromagnetism textbook (or wikipedia) will convince you is indeed the differential
cross section for the Thomson scattering of light off of a charged particle in classical electromagnetism. It
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is peaked at forward and backward scattering just as we found for the high-energy limit of et e™ — put ™.

The total cross section in this limit is .
q

11.55
6mm?2’ ( )

Oqve =
so as far as low-energy photons are concerned the “size” of an electron is
2

Tthomson = \/OTe/ﬂ- = d . (1156)
\/67Tm

Note that this is smaller than the Compton wavelength 1/m of the electron by a factor of %a ~ .01, with

« being the fine-structure constant. On the other hand in the high-energy limit we instead have

4
daave ~ q

dQ T 32n2mw(l — cos0)’

(11.57)
which is peaked at forward scattering as you might expect for high energy scattering off of a fixed target.

Problems:

1. Compute the differential cross section for electron-muon scattering e"p~ — e~ . You should find
that you can re-use some results from our analysis of e™e™ — p* ™.

2. Derive the y-matrix contraction identities

Yy, =d
Y = —(d =2)7"
YAy Py, = (d — 4)y*y® + 4n*P

YAy = =299 9% — (d = 4y .
3. Evaluate the trace from the spin sum in the Compton scattering expression (|11.46]), showing that
the result is (11.47). Hint: you would be wise to use the contraction identities from the previous
problem before computing the trace, as this way you never need to compute a trace of more than

four «-matrices. If necessary you can look at Peskin and Schroeder for help, but beware that they use
different conventions for the metric and the y-matrices.

4. Write out the connected covariant amplitude iZch for Moller scattering e~ e~ — e~ e~ . Make sure to
include both diagrams.

5. Extra credit: Compute the spin summed/averaged differential cross section for Moller scattering.

12 Quantum electrodynamics IV: one loop renormalization and
g—2

In this section we discuss the classic one-loop calculations of spinor electrodynamics. The primary experi-

mental result will be Schwinger’s famous calculation of the one-loop contribution to the magnetic moment

of the electron, but we will first discuss the renormalization of the electron and photon propagators and the
renormalization group flow equation for the charge q.
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12.1 Self-energy of the electron (theory)

We begin with a discussion of the renormalization of the electron propagator. Let’s first recall a convenient
alternative expression for the free momentum space propagator:

A 1

SF(p) = ﬁ_ ’im07

(12.1)

where p is p except that its 0 component is py(1 + i€) and we are now distinguishing between the bare mass
myg and the physical mass m that we will introduce in a moment. We can parametrize the exact propagator
as )

i
P —i(mo +X(p))’

where X(P) is a matrix called the self-energy of the electron. By Lorentz invariance it must have the form

Sea:act( ) _

(12.2)

S(p) = A(D®) + iPB(@), (12.3)
so we can write the exact propagator as
- i
Sezact p) = - 12.4
FUD = TR e+ A (24
Multiplying the top and bottom by (1 + B(p?))p + i(mo + A(p?)) and extracting the ie we have
i (1+ B)p+i(mo + A(p?
Sewact( ) (( > 2)33 ( 0 (]Z ))2) i (125)
(L4 B(p?))?p* + (mo + A(p?))? — ic
The physical mass is found by the location of the pole in p?, so we have
mo + A(—m?)
= 12.6
1+ B(—m?) ( )
There is an easy way to remember this formula: we can rewrite it as
om =m —mo = S(P)|p=im- (12.7)

It is tempting to derive this “by inspection” from equation (as most textbooks do), but it is not
actually possible to have p = im for some choice of momentum p* (none of the y-matrices are proportional
to the identity and indeed in the standard d = 4 representation they have only off diagonal components) so
that argument should be viewed as heuristic. We can also extract the field renormalization constant Zs; to
do this it is convenient to rewrite as

(p+ i)

Szt (p) = 5 (12.8)
(1+ B(?)) (p2 + (35St ) ) e
Near the pole p?> = —m? can write the numerator as
+ A(p . .
(;H M) =i(p+im+O@p®+m?)) (12.9)

and the denominator as

2)\ 2 H—m2) — B (—m2)m
(1+ B(p?)) <p2 I (W) > — (1+ B(=m?)) (pz 2 4 2mA Em?) = B'(=m?) )(p2 +m2)>

1+ B(p? 14 B(—m?)

= (1 + B(—m?) + 2mA’'(—m?) — 2sz’(—m2)) (p? +m?), (12.10)
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p 14 p

Figure 28: Leading contribution to the electron self-energy in spinor electrodynamics.

so the residue is given by

1
Zy = . 12.11
7 14 B(—m?) + 2mA' (—m?) — 2m2B'(—m?) (12.11)
As for the mass there is an easier way to remember this: we can write it as
1
Zs (12.12)

T 1 i P)pmim

which we can naively “derive” from (12.5) with the same caveat as before.

12.2 Self-energy of the electron (calculation)

How can we compute E(p)? As in our discussion of ¢* theory, there is a trick using the idea of one-particle
irreducible diagrams. Guessing the answer, let’s denote the sum of 1PI electron two-point function diagrams
(with the two external propagators removed) by . The full propagator is then given by

Sgreet(p) = Sk(p) + Se(p)S(P)Sk(p) + Se(p)S(P)Sr()S(P)Sr(p) + - ., (12.13)
which is a geometric series we can evaluate as
S%zact(p) — SF(p) (1 — E(ﬁ)SF(p))_l

= (S —xp)

1

_ : , (12.14)
P —i(mo +X(p))
so indeed our guess was correct: () is the sum of all 1PI electron two-point function diagrams.
Let’s now compute this at one-loop. The only diagram is shown in figure its value is
d iyt (f + imo)y, —i
2(p) = (—ig)? 2 : 12.15
®) = (—ig) / (2m)d 2+ md —ie (L—p)2+ p?—ie ( )

Anticipating the possibility of an infrared divergence I've included a regulating mass p in the photon propa-
gator, this is eventually taken to zero once any infrared divergences are dealt with. The charge ¢ here should
really be the bare charge gy, but at this order the difference doesn’t matter so I'll stick with ¢. The first
thing we should always do with such an integral is analytically continue to Euclidean signature via £° = i(%
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and p® = ip%, and also using the first two y-contraction identities you derived on the previous homework,

we have
d (d—2)f — idmo

Y(p) = iq? / ) 12.16
4 ) (@ + mB) (€~ )2 + 1) -
We can then combine the denominators using the Feynman parameter identity
12.17
AB / xA +(1—2)B)?’ ( )

which gives

/ / dde (d —2)f — idmg
=iq dx 5
—ap)? +a(l = o)p? + (1 - 2)md + ap?)

_ig / dx/ dd£ (d — 2) ([ + Zl'p) — idmg - (1218)
€2 +z(l—x)p*+ (1 —z)m + x,ug)

where in the second line we shifted the integration variable. The form of ¥ is now clear. The term
involving / integrates to zero by rotational invariance. The remaining terms go like 1/¢* at large ¢, so this
integral has a logarithmic UV divergence. We therefore need to regulate it, for example using Pauli-Villars
or dimensional regularization. In the former we subtract the same integrand with u replaced by A, after
which the momentum integral can be evaluated in d = 4, e.g. using mathematica, to give

2

1 xA2
Y(p) = SQ?/O dx (2mo + ixp) log <x(1 R (=) + »TM2> . (12.19)

This integral is finite in the limit that g — 0 so the self-energy does not have an infrared divergence. We
can compute one-loop renormalization of the electron mass using (12.7)), which at this order we can rewrite
as

5~ S(p)lyimo (12.20)

since Y already has a factor of ¢2 so the difference between m and mg on the right-hand side is higher order

in ¢2. We thus have
2 1 2
q°“myg A
om = de (2 —1x)l —_
m =g [ dee-onon ()

3q2m0 A2
= 1+ 21 — . 12.21
3272 +2log m3 ( )
To compute the field renormalization similarly we need
2 1 2
) q xA 22 —z)(1 — 2)x
Y ) lyeime = 2= [ dx | -2l . 12.22
P (P)lp=imo w/o v “g((lx)2mg+xu2>+ (1- 1)+ 2t 1222
mo

In the first term we can take p — 0, but doing so in the second gives a logarithmic divergence in the integral
at x = 1. Evaluating the integral and expanding at small u one finds

2 9 A 2
iS ()| pimo = 8q ~ ( + log( o) —log (Z?)) , (12.23)
2 9 A 2
Zo=1— 8‘1? <4 +log <mo> —log (Z‘QO)) . (12.24)
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The infrared divergence here is the mechanism by which the tree-level pole in the electron propagator is
modified to a branch cut, as we discussed in general at the beginning of this section.

Before moving on T’ll mention that one can also compute the electron self-energy using dimensional
regularization. Evaluating the momentum integral using our general formula

o (a1 092 T'(a/2)T'(b — a/2)
dal = 12.25
/0 (02 + o2)b 2 I'(b) ( )
from last semester gives
2 1 d—4
@510 (d/2)T(2 — d/2) ) 3
X(p) = d 2(@n)? ; d:c<dm0 +i(d — 2):17;)) (x(l —2)p* + (1 —2)md + I,uQ)
2 1 d—a
_ ql'(2 — d/2) : 2 2 2\ 2
= e, dm(dmo +i(d — Z)Ip) (:L‘(l —z)p°+ (1 —x)mi+ zu ) ) (12.26)
where we have introduced a renormalization scale i1 by
a=d
qa=1J2 q. (12.27)
Expanding near d =4 as d = 4 — 2¢, we have
q2 1 1 ﬁ2
S(p) = — dr | (2 i —+log(dm) — vy —1+1
=553 |, e[t w9 ( osor) 28 (=) )+
(12.28)
which differs from (12.19)) by various finite shifts. We can make them look more similar by defining
1
logi? + = + log(47) — v — 1 = log A?, (12.29)
€

in which case we now have

q2 SL‘A2

Z(p) = 8?/0 dx [(Qmo + wcp) log (x(l e :17;12> —logzx (2m0 + Zscp) +mgp| . (12.30)

The first term in the parentheses is now the same as ((12.19)), while the last two are easily integrated to give

2 7
Spr(p) = Spv(p) + 8"? <3m0 + f) . (12.31)
Therefore the mass renormalizations in the two schemes are related as
11¢>mq
) =0 12.32
MDR mpy + 39722 ( 3 )
and the field renormalizations are related as
2
Z =7 — . 12.
2,DR 2PV T 355 (12.33)

12.3 Photon self-energy (theory)

As for the electron, we can write the exact photon propagator (in some gauge) in terms of a 1PI self-energy
I1#¥(p) via

D)

Acmoet(p) = A + ATIA + ATIATIA + . ..
(1—TIA)!
A=t -1t (12.34)

|
>>

—~
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In our general set of {-gauges we have

(A hym =i (an”” - (1 - 2) p“p") : (12.35)

By Lorentz invariance we must have
Huu(p) = (p277;w1—[1 (p2) _ p“p"Hg(pQ)) (12.36)

for some functions II; and II,. It will soon be clear why I extracted the factor of p? from II;. In the meantime
the matrix we want to invert to find the propagator is

A 1
(A—l — I = (panw(l +1n) — (1 — g + H2> pupv> ’ (12.37)
whose inverse is .
A eract __ —1 B _ Puby
A;w = (P2 —ie)(1+10,) [77;“/ (1-¢(1+11y)) o ie:| . (12.38)

This propagator is simpler in the Landau gauge £ = 0, which is part of its appeal, but we will stick with
Feynman gauge £ = 1.

We can further constrain the photon self-energy by noting that it has a simple relationship to the Fourier
transform of the two-point function of the electromagnetic current: the latter is given by

(TI(P)J(—p)) = — (H + TATL + ITAIIAT + .. )
=-II(1-Am™!
= —(1-HOA) 'L (12.39)

As we discussed in the previous section, correlation functions of currents such as this one must have the
property that if we dot either current into its momentum p, we get zero by the Ward-Takehashi identity.
We therefore see that the self-energy must obey

pull*(p) = puII"(p) = 0. (12.40)
We therefore must have
IL () = L2 (p?) = I(p?), (12.41)
and thus
" (p) = —i (p°n™ — p"p”) I (p?). (12.42)

Now we see the reason for extracting the factor of p? from II;: otherwise this relation would require the
coefficient of p#p” to be singular in the current two-point function, but this shouldn’t have any pole since
there no one-particle state in quantum electrodynamics which can be created by acting with J* on the
vacuum. We can therefore write the exact propagator as

A exact __ _—Z B _ Pupy
A = o —iga ot |~ s+ |- (12.43)

p* — 1€
There are two comments to make about this result:

(1) The pole location is still at p? = 0, so there is no renormalization of the photon mass away from zero.
This is reassuring, and also expected since gauge invariance requires the photon to be massless and
were it massive we’'d need to get its third spin state from somewhere.

(2) We can extract the field renormalization constant Zs for the photon from this formula, the residue of
the pole is
1

Zy=—— .
T 14 11(0)

(12.44)
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Figure 29: The one-loop contribution to the photon self-energy.

12.4 Photon self-energy (calculation)

Let’s now compute the photon self-energy at one loop. There is one Feynman diagram, shown in figure
and its contribution to the self-energy is

, ) die  Tr(i(f +im)y i(f — p +im)y”
1 (p)z—(—qu/ a 2( SR f > ) :
(2m)4 (2 + m? — i€) ((€ — p)? +m? — ie)
As usual we can simplify this integral using a Feynman parameter and a shift of the integration variable:
TR oy (D R -
(2 +m? —ie) + (1 —z)((¢ — p)? +m? — ze))
_ ., / dx/ ddf TI"(([ + Zm)'y"‘([ p + zm) ) _
x)p)?2 +2(1 —x)p? +m? — ie)
/ / ddé Tr [ + (L= a)p + im)y*(f — zp +im)y”)
= —q 3 .
82 + (1 —z)p?> +m? — ie)

(12.45)

(12.46)

We can simplify the numerator using our trace technology:
Te((£+ (L= 2)p + impy" (f — ap+im)y”) =(C+ (1 = 2)p)a(l — ap)sTr (Y*9"777") — m*Tr (v4")
=2l ((0+ (1= 2)p)(€ — ap)” + (¢ + (1 — 2)p)" (¢ — wp)”

-+ 1 —2x)p)- (£ —xp)n — mzr]’“’), (12.47)

and by symmetry the terms which are linear in ¢ will integrate to zero and thus can be dropped. Moreover
the quantity ¢#fv must integrate to something proportional to n*, and by contracting with 7,, we can see

that the correct replacement is
2

¢
R — EUW' (12.48)
Wick rotating the integral we thus have

d 2 62 nz 1— 2 UV IpHp?Y) — 2,V
T (p) = —ig?2l% J/ dgc/ L (@ " +a(l - ) (P pzp) e (12.49)
(62 + (1l —x)p? + m2)
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This integral has a quadratic UV divergence, and also a subleading logarithmic divergence. As usual it
is up to us how to regulate the integral, but now we can get into trouble if we aren’t careful. For example
say we use a hard momentum cutoff 2 < A2. Then the leading divergence has the form

A2 (12.50)

which does not match the form that we argued for from gauge invariance in the previous subsection.
A hard momentum cutoff violates gauge invariance! This doesn’t mean that it is absolutely wrong, but it
means that we need to include a gauge non-invariant counterterm (in this case a UV-divergent photon mass)
to restore gauge invariance. Including gauge non-invariant terms in the action to fix the gauge non-invariance
of the cutoff is rather inconvenient in practice, so essentially nobody does it. For example in lattice gauge
theory the cutoff always preserves gauge invariance. Here we will use dimensional regularization, which
also preserves gauge invariance as we will now see (essentially because the current conservation equation
OuJ* =01is dimension—independent@

Evaluating (12.49)) using our integration formula (12.25)) gives

2—dnwr(g+1)r(17g) as
d 2

oot Qa1 1
1" (p) = _quglgj (20;); /O da

A\ (o d \
+ (z(1 = z)(p°n* — 2p'p”) — m*n) M(fﬂ(l —2)p? +m?) =

which we can simplify using the I" function identity I'(z + 1) = zI'(z) to get

Qa d d ! 4
™ (p) = —ig22ls! (er)ilr (2) r <2 — 2) (p*n™ — p*p") / dez(l — 2)(z(1 — z)p® + m2) T . (12.52)
0

The gauge-invariant form (12.42)) is now manifest, so we can extract

L‘%) ' _ A2 2y 454
(@3 /Odm(l ) (x(l —z)p” +m”) = (12.53)

To expand near d = 4 we need to decide how to handle the quantity LgJ, the standard convention seems to
be to just set it equal to two, so we’ll respect this, but one could also choose d/2 and get a scheme which
differs slightly from the standard dimensional regularization. Expanding near d = 4 as d = 4 — 2¢, we then
have

d
I(p?) = 2l2143

2 1 ~2
q 1 B
p?) = = dx z(1 — — +log(4m) — 1 — || - 12.54
) = s [ oot =) |2+ togtam) —-410g ()] (1250
Introducing an explicit UV cutoff by|
1
log A? = log fi? + = + log(4m) — 7, (12.55)
€

we can rewrite this as

9 q2 1 A2

49There is an important caveat to this statement, which is that in chiral gauge theories such as the standard model where
WU, and Vg have different gauge couplings it isn’t so clear how to continue these theories away from d = 4 while preserving
gauge invariance (what do we do with 7). This leads to the possibility of anomalies, which can spoil the gauge invariance of
a quantum field theory without the possibility of repair by a gauge non-invariant counterterm. We will study this phenomenon
in detail next semester.

50Note that this isn’t quite the same cutoff we introduced for the electron self-energy, but we can absorb the difference into
a small rescaling of A and it is only the coefficient of the logarithm that will be meaningful for us anyways.
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so in particular we have

2
q A
II(0) = —1 — 12.
0 = o (£) (12.57)
and thus
@ og (A 12.58
Za~1-—11I =1—-—— — . .
b1 -110) =1 - i og (1) (12.5%)

Having now determined dm, Z5, and Z3 at one loop, this completes the one-loop renormalization of spinor
electrodynamics.

12.5 Charge renormalization and vacuum polarization

Let’s now use our expression for IT1(p?) to do some physics. The first thing we’ll study is the renormalization
group flow of electric charge. In the previous section we argued that due to gauge invariance the relationship
between the bare charge ¢y and the renormalized charge ¢ must be given by

q = Z3qo. (12.59)

In the Wilsonian approach to renormalization the way we are supposed to interpret this equation is that it
tells us how to tune ¢ as a function of the cutoff A so that ¢ stays fixed as we vary A. Given our calculation
of Z3 in the previous subsection, at one loop this tuning is apparently

q(A) = <1 + 1(21; log (7{;)) q. (12.60)

In other words at this order the Wilsonian S-function of QED is given by

3

dqo 7%
= = . 12.61
Bla) dlog A 1272 (12.61)

What these equations say is that the effective electromagnetic coupling grows logarithmically with increasing
energy (or decreasing distance). This is sometimes described as saying quantum electrodynamics is “infrared-
free”, as the coupling gets weaker as we flow to lower energiesﬂ If we take the cutoff A to be large enough

that
2

q A
— 1 — | ~1 12.62
1272 8 (m) ( )

then the perturbative approximation we made in this calculation will break down, but this does not happen
until the absurdly large energy scale

1272

A=me & =mee ~me??, (12.63)
which is hardly something for us to worry about in the real world. On the other hand this does mean that
spinor electrodynamics may not make sense as a continuum quantum field theory.

There is a nice physical picture of the scale-dependence of the electron charge, shown in figure The
idea is that the presence of a “bare” electric charge polarizes the vacuum by biasing the orientation of the
electron-positron pairs which are inherently present in the vacuum due to the entanglement illustrated by
the nonvanishing two-point function of the electron field at spacelike separation. These pairs come in all
sizes, but pairs which are larger than the Compton wavelength 1/m are exponentially suppressed so roughly
speaking we can say they don’t exist. The electric charge as measured at distances which are large compared
to the Compton wavelength is screened by these pairs, since the surface where we measure the electric flux
will necessarily cut some of the screening pairs and thus result in a smaller measured value of the charge
than its true bare value. As we make the surface smaller than 1/m however, the screening pairs which are
larger than the size of the surface do not contribute so the screening effect becomes less complete.

511t stops flowing below the mass of the electron however, and indeed we will see in the next subsection that the intrinsic
definition of the renormalized charge ¢ is that it is the coupling at the scale of the electron mass.
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Figure 30: The scale dependence of vacuum polarization. Measuring the electric flux through a sphere which
is large compared to 1/m feels the full screening of the vacuum pairs, while spheres which are small compared
to 1/m are only screened by those pairs which are small enough.

Figure 31: Electron-proton scattering by exchanging the exact photon propagator.
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Vacuum polarization also leads to an interesting modification of the Coulomb potential at short distances.
To extract this contribution we can consider the scattering of an electron off of a proton using the exact
photon propagator in the exchange as in figure Using our expressions for the exact photon
propagator and for the exact photon field renormalization constant we can evaluate this diagram as

—inu (1 +11(0))

iM, = (iq)(—iq) Ty~ ur gy u : : 12.64
B (e e (e (e R
Taking the non-relativistic limit as in our discussion of Yukawa theory this becomes
— i AMemply. o1 Oo. o 14+ TII(0
iM o~ ALt Mkt + 11(0) (12.65)

[k = kal? L4+ TI(|ky = k1 [?)

so comparing to the Born approximation we find that the Fourier transform of the non-relativistic potential

° —?(1+T1(0))

V(k) = oo (12.66)
|k[>(1 4 II(|%[*))
Since we have computed IT((p?) only to leading order in ¢ we can approximate this as
2
V(F) ~ # X (1 +II(0) — H(|k|2)). (12.67)
From ((12.56|) we have
q2 1 p2
1(0) — I(p?) = 3% /0 dr (1 — z)log <1 + (1 - x)mg> , (12.68)
so in the non-relativistic limit we have the approximation
21712
7|k
I1(0) — II(|k[?) =~ . 12.69
(0) = TH(H?) =~ G (12.69)
Therefore we have
E @ ¢ 12.70
V)~ ——5 — ——— .
whose Fourier transform is
2 4
q q 3
V(r)=— — ) 12.71
() 4r|r|  60m2m2 ) ( )
« 407
=—— - 53 (7). 12.72
[r|  15m2 () ( )

This additional potential shows that when the electron is very close to the proton it feels an additional
attraction due to the unscreening of the proton. This effect is actually measurable: it predicts a shift of the
energy levels of hydrogen which at first order in perturbation theory is given by

402

AE = ———|U(0)|? 12.73

VO (12.73)
where ¥(7) is the unperturbed wave function. Atomic wave functions of nonzero angular momentum have
wave functions which vanish at the origin, so this effect only affects s orbitals. For example for the 1s and
2s states of hydrogen we have

3.3
W1,(0))% = et
™
3.3
[0 (0)]% = T, (12.74)
8
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so the energy shifts are

4mea®
ABy, = ——=% ~ 899 x 1077 eV
157
5
MeQ _
AByy = ——0— ~ —1.12x 10 TeV. (12.75)

These contributions are smaller than the usual fine structure of hydrogen by one power of a, but they are still
measurable and in fact have been measured! In ordinary hydrogen they are not the largest effects at O(a®),
but they become so for “muonic hydrogen” where the electron is replaced by a muon since in that case the

3

2
m ~ 4
», so we get an enhancement by a factor of (m—“) ~4x10

squared wave functions are proportional to m

compared to the naive energy scale of m,,.

12.6 Vertex function and g — 2 (theory)

The last one-loop effect we will consider in quantum electrodynamics is the effect of vacuum fluctuations on
the motion of a charged particle in a classical electromagnetic field. We can implement this by the modifying
the Hamiltonian of quantum electrodynamics to include a term

Hyqger = —/dd‘le- A, (12.76)

where A, is the vector potential for the classical gauge field. We will be particularly interested in the effects
of this Hamiltonian on a single charged particle, which at first order in the background field are controlled
by the matrix element

(7,0 | Hpger |5, 0) = — / A e Ay (z) - (7,0 | T (2|7, o). (12.77)
This motivates us to study the matrix element
(p’, o' |J*(x)|p, o) (12.78)

of the electromagnetic current B
JH = —qoUy* U (12.79)

between two one-particle states in quantum electrodynamics. Before trying to compute this quantity, it is
good to first see how it is constrained by Lorentz invariance. To get a sense of what to expect we can first
compute it in the free Dirac theory:

(0,0’ |T"(2)|P. ) = —qo(Qag: 0T (x)7" ¥ (2)af ,[0)
1 1
=— —e
o \ /2(4)[3‘ A /2&);5/
Now let’s consider the interacting theory. By translation invariance we must have
(@', o' | T ()|, o) = (7", 0" |e” P TH(0)e™ 7|7, )
_ ei(P—p/).;p<ﬁ/’ 0/|JH(0)|]§” O'>, (]_281)

=) w5 | oV yru(p, o). (12.80)

and since the integral of J° is the total charg@ we must have

go(2m) 404G — )dor0 = /dd’lﬂﬁ’,a'lJo(t,fﬂﬁ, o)

= @2m)* 1 @ - D) (', 0’| T°(0) P, o) (12.82)

52Note that we are using the “bare” current here, so it integrates to the bare charge.
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and thus

<ﬁ7 UI|JO(O)|ﬁ 0> = q060’7a- (1283)
Moreover by current conservation we must have
(p—p)u(p,0'[J*(0)|P, o) = 0. (12.84)

Now let’s see what we can learn from Lorentz invariance. The quantity

(B, ' [J(0)[7, o)/ 2w5+/ 2w (12.85)

transforms as a four vector if we act with a Lorentz transformation on the one-particle states. This motivates

us to define
1 1

= - 776#/7/1—‘” 7Iu_: )
qom\/m(p a' )T (p, p')u(p, o)

where I'* is a spinor matrix which is also a spacetime vector, and which must be built out of p, p’, and
~v* in some way. I'* is called the vertex function. Here u and w are serving in their role as intertwiners,
converting the Lorentz transformations of the two one-particle states to the vector Lorentz transformation.
In principle the matrix structure of I'* could include p or p/ , but these can always be anticommuted through
any other v-matrices so that they are adjacent to uw or w respectively, in which case we can use the Dirac
equation expressed as

(®',0'|7"(0)|P, o) (12.86)

pulf, 7) = imu(5, o)
u(p’, J')p’ = imu(p’,o’) (12.87)

to remove their matrix structure. The matrix structure of I'* thus comes entirely from powers of the
matrices. Any term with more than one v* can be simplified however, since only one of them can have a
free p index so the rest must be contracted together (we’ve already removed all of their contractions with p
or p’'). We can then use our y-matrix contraction identities to remove all of these contractions. The result
is that we must have

7

a(p’, o")T*(p,p")u(p, o) = u(p’,0’) | F ((p — p')*) +* 5

p+p)"G((p—p)?)

+ %H ((p—p)?) |u(p, o), (12.88)

where F', G, and H are scalar functions called form factors. They must be real by the hermiticity of J#,
and in fact by the current conservation condition ((12.84)) we must have H = 0. Moreover by (|12.83]) we must
have

F(0)+ G(0) =1. (12.89)

In free field theory we see from that F' =1 and G = 0, but in interacting electrodynamics they are
both nontrivial functions.

Now let’s see what we can say about the interaction of our charged particle with a classical field. In the
non-relativistic limit we’d like to expand the vertex function at small momenta, but at zero momentum we
only recover the relation so we need to work at first order in the momenta. In the G term this is
easy since we already have a factor of p + p’, but in the F' term we need to be careful since there is a linear
term hiding in uy*u. To extract it we can use the Gordon identity

_ 1

u(p’, o)y u(p, o) = %ﬂ(ﬁ’, ) ((p+p)* +2i(p) —p)at*") u(p,o) (12.90)

that we derived back in section four, where
i

ap
d 4

[y, (12.91)
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from which we have

} 1
uTtu =" | =5 (p+p)"(F+G)+

G / ap
- — —D)a F| u. 12.92
— m(p D)ad U (12.92)

Both terms now have an explicit power of momenta, so in the non-relativistic limit of the spatial components
we can equate the momenta in @' and u, which allows us to contract them to get

aT'ur~ —(p+p') +4i(p - p'); 5% ,F(0), (12.93)
where S7% are the standard spin matrices for SO(d — 1). For d = 4 we can write them as

. 1 ..
ST = 5&““5’“ (12.94)

with S* = "—; For a time-independent background vector potential the matrix element of the interaction
Hamiltonian is thus

—/

(p", o' | Hpack|P, o) =~ 2‘% / dBr Al (7)e! PP >( —(p+p) +2p-p) ejikS§,7oF(0)> ) (12.95)

The first term in parenthesis is just the usual —ﬁ-ff coupling of a charged particle to the electromagnetic field.
The second term is more interesting: it describes a magnetic moment of the particle. Indeed integrating
by parts the second term has the form

_QOT(O) / B (#)SE, T, (12.96)

so in particular if the magnetic field is constant then we have

—(2m)*6° (5 — p")1io - Ba (12.97)
with o
iy = 2FO0 g (12.98)
m

This is almost the magnetic moment of the particle, but we need to be careful to write things in terms of

—

the renormalized magnetic field gcl, rR=123 1/ chl, as this is what we actually measure, so the true magnetic
moment of the particle is

7= WVZFO) 5 aF(0) & (12.99)
m m

This is usually parametrized in terms of a gyromagnetic ratio g via

o 949 7
= == 12.1
m QmS’ (12.100)
so what we have at last learned is that
g =2F(0) = 2(1 — G(0)). (12.101)

In particular in the free theory we recover Dirac’s famous result that g = 2. We also see however that to
the extent that G(0) is nonzero there will be corrections to Dirac’s formula; these are typically described in
terms of the anomalous magnetic moment of the electron:

o =91"2_ _Go) (12.102)
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Figure 32: The one-loop correction to the vertex function. The dashed photon line indicates that it is a
classical background field.

12.7 Vertex function and g — 2 (calculation)

It is now at last time for perhaps the most famous calculation in quantum field theory: the one-loop
determination of the electron gyromagnetic ratio g in quantum electrodynamics! We will compute the
quantity @'T*u, which up through one loop is given by

d*e —iw' Y i(p — p+ L+ im)y*i(f + im)yu
) (@ +mZ—ie) (L= p+ 72+ m2 —ie) (C— )2+ 12 —ie)
(12.103)
The factor of Z5 is there in the first term because of the on-shell external electrons, and the loop integral
comes from the diagram shown in figure 32} T'll just compute the integral in d = 4, since in this case the
numerator simplification is quite a bit more complicated if we use dimensional regularization; we’ll eventually
use Pauli-Villars to deal with the logarithmic UV divergence of the integral. p is again a small photon mass
to regulate an infrared divergence which arises when ¢ = p, since then all three factors in the denominator
are close to vanishing so there is a logarithmic infrared divergence. We can simplify the numerator using our
formulas for contracting v matrices, and we can combine the denominators using a slightly more advanced
Feynman parameter identity:

wTHy = Zow' vHu + (—iqo)Q/

1 1 1 1 9
—_— = -1 12.104
ABC /de/o dy/0 dzé(x+y+ 2z )(wA+yB+zC)3’ (12.104)
after which we can write the loop contribution as
1 1 1 d4 ' B+ ) — 25m(20 + g)* — m2~H
@ THu D 4iq§/ dx/ dy/ dzd(x+y—|—z—1)/ 64 @ (£ + ) — 2im( Q) —m*y)u —3,
o o s )T (a2 + m2) + y((a+ 02 +m2) + (L~ p)? + 22) —ie)
(12.105)
where I've defined the momentum transfer
g=7p —p. (12.106)

q is not to be confused with the renormalized charge, which will not appear in this calculation until the very
end. We can simplify the quantity in the denominator using that p and p’ are on shell, which results in

w(2+m?) +y((g+ 0% +m?) + 2((€ = p)* + 4%) = (0 +yq — 2p)* + 2yq® + (1 — 2)°m® + zp%,  (12.107)
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so shifting the integration momentum by a constant we get

1 1 1
@ THu Ddigh / dx/ dy/ dz6(x +y+2z—-1)
0 0 0

/ d W ((£+zp—y)" (L + zp+ (1 — y)g) — 2im(20 + 2zp + (1 — 2y)q)"* — m*y*) u
(2m)* (22 4+ zyq? + (1 — 2)2m2 + zp2 — ie)®

(12.108)

Simplifying the numerator further requires some work: we can drop all terms which are linear in ¢, we can
replace £#¢¥ by n‘“’ﬁz, and we can move p to the right to act on u and ' to the left to act on u'. When
the dust settles we havd>)

uF“uDélqu/ da:/ dy/ dzé(x +y+2—1)

y / d w (302 + (1 —2) 1 —y)g* + (22 + 22 — I)m?) v +imz(z — 1) (p+ p')*) u
(2m)* (22 + zyq® + (1 — 2)2m2 + zu? — ie)®

(12.109)

This is now in a form where we can extract the form factors F' and G: Wick rotating, which supplies a factor
of i and removes the ie, we have

Lot a0 30— (1-2)1-y)¢® — (+* + 22 — hm?
F2:1+Z—1+42/dx/d/dz6m+ +z—1/ 2
(@) (Z2 = 1) +4q5 o o Y o (z+y ) (2m)4 (£2+xyq2+(1—z)2m2+zu2)3

G(q?) = —8¢am? /1 dx /1 dy/1 dzd(x+y+z— 1)/ dit 21 -7) (12.110)
0 0 0 0 (2m)4 (2 + 2yg® + (1 — 2)2m2 + zp2)* .

We can now (at last) evaluate these integrals using our standard formulas. The momentum integral in
the expression for F' has logarithmic UV divergence which we can regulate using Pauli-Villars, which results
in

F(q2>:1+(22—1>+;7§2/0 dx/o dy/o dza(ﬂyﬂ_l)l_(l—w)(l— W+ (52 + 22 — hm?

zyg® + (1 — z)*m? + zp?

+ lo ( zA” )
B\oy? + (- 22m2 + 52 ) |

(12.111)

Looking at our one-loop expression ([12.24]) for Z,, we can see that the logarithmic divergence cancels so
F(q?) is UV-finite. Evaluating the Feynman parameter integrals at ¢ = 0 we have

2

F(0) =1+ -0

2rs (12.112)
Y[

Our expression for G(q?) is finite both in the IR and the UV so we can set u = 0 and A = co. We then have

__gm 3 z(1 —2)
G(¢®) = 47r2/ /dy/ dz0(x+y+z 1)xyq2+(1—z)2m2' (12.113)

53The simplification also produces a term @’ (im(z — 2)(xz — y)¢")u in the numerator, but this integrates to zero since it is
antisymmetric in = and y while the denominator is symmetric. This is reassuring, as such a term would have given us a nonzero
form factor H which would have violated current conservation.
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Evaluating this at ¢ = 0 we have

2 1 1 1
9 <
G0)=—-——7 d d dzd -1)—
O =48 [ e [y [ dsse ey s -0t
2 1 1—2z
= —q—OQ/ dz/ de—=
47 0 0 1—=2
7
=——= 12.114
& (12.114)
which is consistent with our requirement (|12.89)). More importantly we thus have
G = — ~ 0011614, (12.115)
21

which is the famous formula on Schwinger’s tombstone at Mount Auburn Cemetery here in Cambridge.
Higher order calculations give
ae = .001159652181643(764), (12.116)

which can be compared to the current(ish) experimental value:
a. = .00115965218059(13). (12.117)

It seems there is really something to this quantum electrodynamics business!

13 Spontaneous symmetry breaking and the Higgs mechanism

So far we have mostly only considered global symmetries that leave the ground state invariant. In general
quantum systems this is by no means the only possibility, and a global symmetry which does not leave the
ground state invariant is said to be spontaneously broken. There is also an analogue of spontaneous
symmetry breaking for gauge symmetries, called the Higgs mechanism, although in that case the ground
state is still unique. In this section we will learn some basics about both of these phenomena.

13.1 Spontaneous symmetry breaking in quantum mechanics

A rather trivial example of spontaneous symmetry breaking happens in the non-relativistic hydrogen atom:
there are two degenerate 1s states, one for each spin of the electron, and they are mixed by spatial rotations.
We thus can say that rotational invariance is spontaneously broken for the non-relativistic hydrogen atom@
This example might feel contrived, and indeed it is sometimes claimed that in quantum mechanics with a
finite number of degrees of freedom obeying canonical commutation relations, with no extra label such as
spin, the ground state can’t be degenerate. To give you a flavor of these arguments, here is one in the
context of a nonrelativistic particle moving in a potential V(z) in one dimension. Say that ¢ and o are
normalizable wave functions obeying

—¢1 + V(@)1 (x) = E¢r(2)
—Vy + V(x)¥2(x) = Ea(x). (13.1)

Multiplying the first equation by 12 and the second equation by 11, taking the difference, and then integrating
we see that

P19y — PPy = constant. (13.2)

54In real hydrogen this degeneracy is broken by the interaction between the spin of the electron and the spin of the proton,
leading to the hyperfine structure.
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By normalizability 11 and 15 must got to zero at infinity, and for “reasonable” potentials ¥] and v} will not
grow fast enough to cancel this. The constant must therefore be zero. We can then rewrite this equation as

(log 1) = (log¢2)’, (13.3)

which we can integrate to see that ¢); must be proportional to ¥, and thus they are really the same state.

On the other the other hand this argument involved various assumptions, and if we drop them then
spontaneous symmetry breaking is possible. A simple example is the quantum mechanics of a particle on a
circle x ~ x 4+ L with Lagrangian

L= m;”z + %x'. (13.4)
The canonical momentum is 0
p=2=+ T (13.5)
and the Hamiltonian is . N
H= om (p — L> . (13.6)
The energy eigenstates are '
Yn () = €7, (13.7)
with 9
Pn =77 (13.8)
so the energy levels are
n= gy (2mn - 0)*. (13.9)

In particular if we choose § = 7, then the n = 0 and n = 1 states are degenerate ground states. These are
actually related by a symmetry,  — —z. The Lagrangian may not look invariant under this symmetry, but
it is invariant up to a total derivative. The symmetry is manifest in the Hamiltonian formulation, as the
Hamiltonian is invariant under

r=—z
20

p=-p+=—. (13.10)
L

Note that this symmetry only respects the periodicity of x for § = mm with m € Z, as otherwise it does not

respect the quantization of p

13.2 Spontaneous symmetry breaking in quantum field theory

In the examples of spontaneous symmetry breaking in the previous subsection, the reason the ground state is
not invariant is that it still has some kind of object around, an electron in the 1s orbital in the first example
and a particle on a circle in the second, and these objects can transform nontrivially under the symmetry.
In quantum field theory however the ground state is supposed to represent the vacuum, without any objects
present, and one might expect that a state with “nothing there” should be be invariant under any global
symmetry. In fact spontaneous symmetry breaking is nonetheless possible in quantum field theory, but it
has a somewhat different character from the examples we just discussed.

As is often the case when meeting a new phenomenon for the first time, it is best to start with a simple
example. The classic example of a quantum field theory with spontaneous symmetry breaking is ¢* theory

with a negative mass squared:
1 m? A
L=-20,00"¢ +—¢* — =
2 u$0"9 + 2 ¢ 4!

55This breaking of a classical symmetry when 6 # 7wm is a simple example of an anomaly; we will meet other examples next
semester.

¢t (13.11)
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Figure 33: A scalar potential that exhibits spontaneous symmetry breaking.

The potential for this theory is shown in figure 33} ¢ = 0 is now a local maximum rather than a global

minimum, and the true minima are at
6m2
¢=i\/%. (13.12)

We can thus guess that this theory has two degenerate ground states |2, +) obeying

(Q, £[®(2)|Q2, £) = i\/%. (13.13)

If this is true, then the ¢ = —¢ global symmetry of the action is spontenously broken. Justifying this guess
is somewhat subtle however, and in particular it is only really correct when we study the theory in infinite
volume. To get a sense of where the subtlety comes from, we can go back to the quantum mechanics of a
particle with Hamiltonian

A
H="———2*+ =2 (13.14)
m :

This potential again has the form shown in figure but we proved in the last section that theories of this
type have a unique ground state. So what is going on?

We can get a better sense of what is happening by defining a pair of states |4) by the property that |+)
minimizes

(+|H|L) (13.15)
subject to the constraint that
6k2
(ElolE) = =/ (13.16)
Were this theory to exhibit spontaneous symmetry breaking then |+) would be a pair of degenerate ground
states. Let’s study their matrix elements. The 2’ = —z symmetry is implemented on the Hilbert space by a

unitary operator U that commutes with H, so we have

(+|H|+) = (~|UTHU|-) = (~|H|-) = a. (13.17)
Moreover we have
(+|H|-) = (-|UTH|=) = (~|HU"|=) = (~|H|+) = b. (13.18)
By hermiticity we also have
(+H|=) = (=[H|+)", (13.19)
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so b must be real. Within the subspace spanned by |+) we thus have

H= <Z 2) , (13.20)

with @ and b both real. The real question is whether or not b = 0. The state |+) looks like a wave packet

6k2 6k2
Py

near & = +4/ 2, while the state |—) looks like a wave packet near x = — . We thus should expect a

nonzero tunneling amplitude between them, which in the WKB approximation is given by
b~ e 58 42V (@)= Bo) (13.21)
Diagonalizing H with nonzero b shows that the true eigenstates are |+) &= |—), with energy a F |b|. Thus the

ground state is
1) =1+) +1-), (13.22)

which is invariant under the symmetry so there is no spontaneous symmetry breaking.

Let’s now apply this discussion to the quantum field theory . The key difference is that in order
to tunnel from |4) to |—) or vice versa, the field now needs to tunnel everywhere in space. The tunneling
exponent in the WKB approximation therefore picks up an extra factor of the volume of space. More
concretely if we define a constant mode

di-lg
go— 1222
Vol
di=lgd
Ty = %, (1323)
the Hamiltonian derived from ((13.11]) becomes
s
= m + Volume x V(¢0) (1324)

Thus in the tunneling exponent we should replace m — Volume and V' — Volume x V| which gives
an overall factor of the spatial volume in the exponent. Thus in the infinite volume limit we have b = 0, so
there are indeed two degenerate ground states exchanged by the Symmetry Thus we see that spontaneous
symmetry breaking is considerably more robust in quantum field theory than it is in quantum mechanics.

Let’s say a bit more precisely what the difference is between this example and the quantum mechanical
examples we discussed above. In the field theory model , the field ¢ is an example of what is called
an order parameter - it is a dynamical variable whose expectation value tells us which vacuum we are in.
In the hydrogen atom example we can take the order parameter to be the spin of the electron in the z-basis,
while in the example with a periodic particle it is the momentum p. In both of the single particle cases
the order parameter commutes with the Hamiltonian, as otherwise it would need to have fluctuations in the
ground state. What can happen in quantum field theory however is that we can have an order parameter
which has fluctuations in any finite volume, but which stops fluctuating in the limit of infinite volume (we will
see this more explicitly momentarily). This allows for more interesting examples of spontaneous symmetry
breaking.

13.3 External perturbations and cluster decomposition

Given the discussion of the last subsection you might wonder why we talk about the |+) states at all. If
the Hamiltonian in finite volume is really diagonal in the |[4+) + |—) basis, shouldn’t we work in that basis
instead? What is really special about the |+) states is that if we add a small perturbation to the system
which explicitly breaks the symmetry, the true ground state is close to |+) or |—) rather than |+) 4+ |—) or

56]f the spontaneously broken symmetry is continuous then b only vanishes like a power of the volume, but it still vanishes.
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Figure 34: Turning on an explicit symmetry breaking perturbation. This forces the system to pick |+) or
|—) to be the true ground state.

|+) —|—). There are various ways to think about why this criterion is important. If our quantum field theory
is describing a condensed matter system such as a magnet, then there will always be symmetry-breaking
interactions with its external environment. If we are instead doing particle physics then we can think of
ourselves as the symmetry-breaking perturbation: by existing in the universe we can’t avoid measuring the
order parameter, and the interaction between us and the fields which does so looks symmetry breaking if (as
usual in quantum mechanics) we remove ourselves from the systemﬂ

Let’s first see how this works in our quantum mechanics example. Say that we introduce a small linear
perturbation to the potential,

V(z) =gz — ?xZ + %x4. (13.25)

The rule of degenerate perturbation theory is that perturbed Hamiltonian will be diagonal in the basis which
diagonalizes the perturbation. If we look at the matrix elements of the perturbation we have

6k2
(£|gz|E) = g ~ (13.26)
by assumption, while the off-diagonal matrix elements of gz are much smaller since (x|+) and (z|—) are
peaked at different places. We can also see this directly from the plot of the potential as in figure where
the linear perturbation breaks the degeneracy and favors one minimum or the other depending on the sign
of g. In our matrix language we are thus now diagonalizing

H= ("ZC b > (13.27)

a—cC

which has eigenvalues a F v/b? 4+ ¢ and eigenvectors which when |b] < |c| are close to |F) if ¢ is positive
and |£) if ¢ is negative. This idea should also be familiar in the context of the Ising model, where if we turn
on a small external magnetic field this biases the system towards all up or all down depending on the sign
of the field. In particular if the strength of the perturbation stays nonzero in the large volume limit then
eventually we will always be in the regime |b| < |¢| no matter how small the perturbation.

For quantum field theory in infinite volume we can be somewhat more quantitative about this situation.
Indeed let’s say that we have a set of degenerate vacua |v) where v is some set of parameters. We will assume

57 Another way to think about this is by analogy to Schrodinger’s cat: what is special about the states |Alive) and |Dead)

that doesn’t hold for % (JAlive) & |Dead))? The answer is that when the cat interacts with its environment, the |Alive) and

|Dead) states are preserved while the superposition states are decohered. This means that we ourselves always end up on a
branch of the wave function where we are sure the cat is alive or dead.
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translation symmetry is not broken, in which case these vacua obey
Plv) =0 (13.28)

with P the total spatial momentum, and since there are no particles in these vacua they should be discrete
eigenvectors of P (i.e. they shouldn’t be part of some continuous set of d-function normalized momentum
eigenstates). We can thus take each |v) state to have norm one, and by choosing an orthonormal set of |v)
we can assume that

(u]v) = 0y p- (13.29)

Note that this is the usual Kronecker §, even though v may include continuous parameters (in the next
subsection we will see examples where it does). Our goal is now to show that we can additionally choose
this basis so that for any local operator O(z) we have

(u[O(@)|v) = 0un(v]O()|v), (13.30)

In other words local operators can never mix between the different vacua. This thus implies that any
deformation of the Hamiltonian by a local operator (or a sum of local operators) will be diagonal in the
|v) basis, and thus that these will be the states among which the ground state is selected when we add a
symmetry-breaking perturbation. The idea is that for any two local operators O; and O we have

(ul01(7)02(0)[v) = _(ul01(0)w) (w]O2(0)v) +/ ya-1 Z (ulO1(0)|N, B} (N, F102(0)[v)e'P* (13.31)

w

where |N,p) are some complete set of single and multiparticle states. If we consider the limit of large |z
the momentum integral should vanish by the Riemann-Lebesgue lemma (assuming some mild integrability
of these matrix elements), so we thus have

Jim (w01 (#0(0)]0) = 3 (ul01 0) ) (w[02(0) ). (13.32)
Similarly we also have
Jim (w]02(0)01 @)1} = 3 (ul02(0) ) (w[01(0) ). (13.33)

Now let’s assume that O; and Oy are bosonic. They therefore must commute at spacelike separation, and

so we must have
S (w01 (0) ) (w|02(0)]v) = 3 (] O2(0) [w) (|01 (0)]v). (13.34)
w w
In other words the matrices (u|O;(0)|v) and (u|O2(0)|v) commute for any bosonic O; and Os. If O or O
is fermionic then its matrix elements between the |v) must vanish since each |v) should be invariant under
fermion parity (which is built out of infinitesimal rotations). We can therefore simultaneously diagonalize
all of the local operators, leading to (13.30)).
We can also think of these |v) states as being precisely the ones where the cluster decomposition
principle is obeyed:

lim (0[O0 (Z)02(0)|v) = (v|01(0)[v)(v[O2(0)]v) (13.35)

|z] =00

for any O; and Os. One consequence of this is that the fluctuations of the zero modes of operators vanish
in these states:

d— 1l‘ d—1 —»

|fdvohm?e fdvomyrge(y) lv) = Volilme /dd71$<v|0(f)0(0)|v>
— (0]00)[)(o]O0) )

_ [ 20@) ) L& v0W)

Volume

Volime [v), (13.36)
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Figure 35: The sombrero potential for the O(2) vector model.

where in the first equality I used translation invariance, in the second I used that the integral is determined
by the large |z| regime since the contribution from any finite region is eliminated by the infinite volume
factor, and in the third I again used translation invariance. This shows that these |v) states are indeed those
where the zero modes of the fields have definite values, and in fact usually the label v is precisely just some
list of these expectation values. In our ¢* theory with negative mass squared these are precisely the states
|£), while in the states |[4+) £ |—) the zero mode of ¢ has O(1) fluctuations.

13.4 Goldstone’s theorem

Spontaneous symmetry breaking is particularly interesting when the symmetry which is broken is continuous.
The classic example of this is a theory of N real scalar fields ¢;, with Lagrangian

L*—lza"gﬁr@ ¢,+m722¢2fé Z¢2 2 (13.37)
= 9 i O @i 9 i i 4 i [ . :

This theory is usually called the “O(N) vector model”, as it has an O(N) global symmetry that rotates
among the ¢; fields:

¢; = Rijo;, (13.38)

with R € O(N). For N = 2 this potential is called the sombrero or mexican hat potential, it is shown in
figure The minimum of this potential is an SV ! in field space located at

o= (13.39)

so to pick a vacuum we need to pick a unit vector in RY. This unit vector is preserved by an O(N — 1)
subgroup of O(N), so this situation is typically described by saying that the O(NN) global symmetry of the
model is spontaneously broken to a O(N — 1) subgroup, with the latter still leaving the vacuum invariant.
In particular for the case of N = 2 the unbroken symmetry is just O(1) = Zs.

What are excitations of this theory about the ground state |f2) in which the zero mode of ¢; is pointing
in the n direction? Looking at figure [35] the answer is clear: in the radial direction orthogonal to the ground
state S¥ ! there is a massive scalar field excitation (with positive mass squared), while for each of the N —1
field directions along the SV~! there is a massless scalar field. These massless scalars are called Goldstone
bosons, or sometimes Nambu-Goldstone bosons, and their existence is the hallmark of a spontaneously
broken continuous symmetry. Note that there is an independent massless scalar for each broken generator
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of O(N). In particular for N = 2 there is one Goldstone boson. We can extract it explicitly by writing

¢1 = pcosb
¢ = psind, (13.40)
in terms of which the Lagrangian becomes
1 p? m?2 A
L=—=0,p"p—"-0,00M0 + —p> — Zp*. 13.41
50upd"p — 50,0010 + —-p” — 7 p (13.41)
The potential causes p to get an expectation value
m
= —, 13.42
Po I ( )
SO writing
p=po+6 (13.43)
we have 512 \
1 .
E:AEQﬁWme%Qfggilﬁﬁ&W+Amﬁ+zﬁ (13.44)

we can see that & is a massive scalar field of mass v/2m and 6 is our massless Goldstone boson.
You may wonder if these massless bosons were an artifact of this model, or perhaps if they can acquire

a mass due to loop corrections. The answer to both questions is no, as we can learn from (oldstone’s
theorem{™|

e In a relativistic quantum field theory with an internal global symmetry group G that is spontaneously
broken to some subgroup H, for each broken direction in G there is an exactly massless scalar particle.

There are various approaches to proving Goldstone’s theorem, my favorite is the following. Let J* be the
Noether current for a continuous internal global symmetry that is spontaneously broken in some vacuum
state |v), and let O,, be some set of local operators that transform nontrivially under the symmetry:

550 =Y TrmOm. (13.45)

The Ward identity that we proved last semester shows that we have

0

w(v\TJ“(x)On(O)h/} = i6%(z) (0050, (0) V) + ..., (13.46)
where ... indicates possible Schwinger terms involving derivatives of the d-function. Defining the Fourier
transform .

d ,

OITT @00 = [ G GIT I @O, (13.47)

we can rewrite ((13.46|) as
Pu{v|TJ*(p)On(0)|v) = (v|6sOR(0)|v) + ..., (13.48)
where the ... terms come from Schwinger terms and are proportional to positive powers of momentum

(from the derivatives on the § function). Now let’s consider the limit of zero momentum. As long as
(0|00, (0)|v) # 0, to be consistent with (13.48) the two point function in momentum space must have a
nonvanishing term

@MW@Q@MDM%@@MX%. (13.49)

58This is not the most general version of the theorem. There is also a non-relativistic version of Goldstone’s theorem, and
the spontaneous breaking of spacetime symmetries such as translation and rotation invariance also leads to Goldstone bosons.
It is only for relativistic internal symmetries however that the number of Goldstone bosons must equal the number of broken
symmetry directions.
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Therefore the two-point function must have a pole at zero momentum, which I'll remind you is equivalent
to saying there is a massless particle which can be created by O(0) and annihilated by J#. Moreover the
momentum p* can be recognized as the intertwiner which allows a vector field J# to annihilate a particle of
zero spin (think 9#¢ in free field theory), so our massless particle has spin zero. This particle must have the
same internal symmetry charges as J* since it is annihilated by it.

This conclusion required that

(016500 (0)[v) =Y T (v] O (0)|0) # 0, (13.50)

but this is precisely the condition that the vacuum transforms nontrivially under the symmetry generated
by J# (assuming that we choose O,, to include any fields which have a vacuum expectation value). Moreover
if there is more than one J* for which this is true then there is an independent Goldstone boson for each
spontaneously-broken direction in the internal global symmetry group. Indeed let J* be a basis for the set
of broken currents and let b run over the set of Goldstone bosons contributing to this two-point function.
The relevant matrix elements are determined by Lorentz invariance to be

@
e
o
=
=

(o]J5(0) 7, b) = °

V 2wy
(5,610 (0)[0) = ZQW (13.51)
and from the two-point function we have
~i Y FanZon = Y _ T (0] O (0) ). (13.52)
b m

We can view the right hand side as a matrix 7% , which by definition has a rank which is equal to the number
Ny, of broken generators (i.e. the number of generators 7.2, such that no linear combination of them leaves
the vacuum invariant). The left-hand side is a product of two matrices, so since their product has rank N,
they must each separately have rank at least NV,. The rank of Fy;, is at most N, so we see that indeed there
are N linearly-independent Goldstone bosons that can be annihilated/created by J¥.

There are many examples of Goldstone bosons in nature, here are a few:

e In QCD in the limit m, = mg = 0 there is an SU(2) chiral symmetry. This symmetry turns out to be
spontaneously broken, leading to three Goldstone bosons: the charged pions 71 and the neutral pion
-

e In superfluid liquid helium particle number symmetry is spontaneously broken, which leads to a mass-
less Goldstone boson whose dynamics account for the remarkable bulk properties of the system.

e In a crystal spatial translation symmetry is spontaneously broken, which leads to Goldstone bosons
called phonons.

e In the early universe it seems that there was an approximate spontaneously broken shift symmetry of
some field called the inflaton, whose approximate Goldstone boson fluctuations eventually gave rise to
the anisotropy of the cosmic microwave background and the stars and galaxies we see today.

13.5 The Abelian Higgs model

What happens if a gauge symmetry is spontaneously broken? This turns out to be a rather slippery question
to make precise, and in particular to the extent that spontaneous breaking of a gauge symmetry makes sense
it does not lead to any vacuum degeneracyﬂ It is thus safest not to refer to (or think of) the phenomenon

59This has been shown rigorously from a lattice point of view, where it is called “Elitzur’s theorem”.
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as spontaneous symmetry breaking; I'll instead refer to it as the Higgs mechanismm Rather than give a
general discussion we’ll instead just consider a simple example, the Abelian Higgs model, which is another
name for scalar QED with a negative mass squared:

1. . A
L= F" Fuy — (D) Dt + m?lof? — 1ol (13.53)
Here we take ¢ to have charge ¢, so the covariant derivative is

Dy = (9 — iqAy) ¢ (13.54)

We can guess that the potential causes ¢ to get a nonzero expectation value, but since ¢ is not gauge-invariant
we need to be more careful about analyzing what this theory does. It turns out the most useful approach is
to introduce the field redefinition

¢(x) = p(w)e ™, (13.55)

with p > 0. This field redefinition is not good near p = 0, but at least to all orders in perturbation theory
we are ok as long as we end up expanding around somewhere other than p = 0. In terms of these variables
the gauge transformations of this theory are

A, = A, +0,Q
0 =0+
o =p. (13.56)

Substituting this redefinition into the covariant derivative we have

Dy = (Bup — ia(Ay — 0,0)p)e'™, (13.57)
so the Lagrangian becomes
1 A
L= _ZF’WFW — 0,p0*p +m?p* — Z'O4 —¢?p* (A, — 0,0) (A" — 0") . (13.58)
The potential thus sets p to
2m?

I emphasize that p is gauge-invariant, so this expectation value does not break the gauge symmetry; the
vacuum is gauge-invariant (as it had better be since it should be a physical state). The Lagrangian ((13.58)
has a number of remarkable features, which we will now discuss in turn:

e The variable 6 appears only in derivatives, so one might naively expect it to lead to a massless scalar
particle. If we remove the photon from the theory then this is indeed the case, with 6 being the
Goldstone boson for the spontaneous breaking of U(1) global charge rotation symmetry. In fact this is
just the O(2) vector model written in slightly different variables. In the theory however, we can
remove the 6 field by doing the gauge transformation 2 = —#. This is called going to unitarity gauge,
which has gauge-fixing condition § = 0. The theory (in any gauge) thus has no physical Goldstone
boson, it has been removed by the gauge redundancy. This is consistent with the general slogan that
the Higgs mechanism is not the same thing as spontaneous symmetry breaking.

o If we look at fluctuations of the p field, which we can parametrize as p = py + %, the kinetic term for
¢ has the form )
LD —5@53#5 —m?5?, (13.60)

60The history of the Higgs mechanism is a convoluted mess, with the list of people deserving some credit including Anderson,
Brout, Englert, Guralnik, Hagen, Higgs, Kibble, and Nambu. I’'m not enough of a historian to take sides, but it does need a
name and Higgs is a fine one.
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so this theory has a massive scalar excitation with mass mmgiggs = V2m. This is called the Higgs
boson, and a close analogue of it was discovered in 2012 by the ATLAS and CMS experiments at the
Large Hadron Collider in Geneva.

e The quadratic action for the photon now includes a mass term
12
JD —?A#A“, (13.61)

with the photon mass p being given by@

2gm
VA
This term does not look gauge-invariant, but the full Lagrangian is; the Higgs mechanism thus gives
us a gauge-invariant way to describe realize a massive photon. More concretely the gauge-invariant
massive photon field is A, = A, — 9,0. This situation is sometimes described by saying that the

massive photon has “eaten the Goldstone boson”. Of course in the standard model the true photon is

massless, but an analogue of this mechanism leads to three heavy massive particles of spin one called
the Wi and Z bosons.

1= 2qpy = (13.64)

e In the standard model the Higgs mechanism gives mass to matter fields in addition to gauge bosons.
Here is how it works. Say we have two charged spinors W1 and Wy, with charges ¢; and ¢o respectively,
and moreover let’s assume that ¢; +¢ = ¢2. Then we can have a gauge invariant Yukawa-type term in
the Lagrangian

L D —igp,)y + c.c. (13.65)

If ¢ gets an expectation value then this becomes a mass term that mixes 1; and 9, and we can
rediagonalize the spinor basis to find a pair of massive spinors.

13.6 Superconductivity

The first physics application of the Higgs mechanism was not actually to particle physics; it was originally
proposed (before the work of Higgs) by Nambu and then Anderson as a model of superconductivity. In
this context it is therefore sometimes called the Anderson-Higgs mechanism, especially by condensed matter
physicists, although I don’t think that is fair to Nambu. In any event the key point is that a superconductor
is really nothing but a material in which some low-energy field with electric charge ¢ has a radial part p
which gets an expectation value. In other words it is a material in which electromagnetism is Higgsed!
We won’t concern ourselves here with why this happens, for that we need the BCS theory for conventional
superconductors and something fancier for unconventional superconductors, but given this definition we can
easily understand the most famous superconducting phenomona without any need for complicated models@

The idea is that inside a superconducting material we can describe the low-energy behavior using the
photon field A,, and the field 6 corresponding to the phase of the operator whose radial part gets an expecta-
tion value. In order for the low-energy action to be gauge-invariant, it can depend on A, and @ only through
the combination A, — 9,0. Moreover we’d like the system to be stable when A and § both vanish, so the
energy should have a minimum when this quantity vanishes. These expectations are realized for the Abelian
Higgs Lagrangian , but we do not need to to use the details of this Lagrangian (and in fact it is

61To see that this term indeed has the interpretation of a photon mass, we can look at how it modifies Maxwell’s equations.
These become
OHF,, = u?A,, (13.62)
which in Lorenz gauge 9, A* = 0 have the form
8%A, = u%A,. (13.63)

Thus the solutions in momentum space obey p? = —u?.
62We here only give a rather cursory treatment, see section 21.6 of Weinberg for more.
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Figure 36: Magnetic flux through a superconducting loop in the presence of a persistent current I: the flux
through the disk bounded by the dashed line is quantized in units of 27/¢, so the current cannot decay. The
current is flowing at the edge of the loop, inside of it both B and J vanish.

only a good approximation near the transition temperature, where it is referred to as the Landau-Ginzburg
theory). In general if we are deep inside a superconductor which is in (or near) its ground state we should
expect that

A, =0,0. (13.66)

Since this is pure gauge, the electric and magnetic fields must both vanish. The vanishing of the electric field
is familiar for a perfect conductor, the vanishing of the magnetic field inside of a superconductor is called
the Meissner effect [

Of course the most famous feature of a superconductor is electrical conductivity with zero resistance. To
understand this, we first need to appreciate that since 6 is the phase of an operator of charge ¢ it is actually

a periodic variable obeying

0~ 0+ 2777". (13.67)

Now let’s consider a closed loop of superconducting material. Consider circular path L which circles the
loop once within the material, which we can view as the boundary of a disk D that extends outside of the
superconducting material. See figure [36| for an illustration. We can compute the magnetic flux through D
via the following calculation:
- o S = - 2mn
/B~dA:/A~dx:/V0~dx:9(27r)—0(0):— n € Z. (13.68)
D L L q

Thus the magnetic flux through the loop is quantized, with the quantization integer being set by the number
of times that 6 winds around the loop. Since this flux is linearly proportional to the current circulating
around the loop (see e.g. the Biot-Savart law), this means the current is also quantized. In particular this
means that the current cannot decay continuously, so if it starts with n # 0 then it must remain so. In other
words a superconducting loop can support a persistent current that lasts forever without any external
potential applied, which is the hallmark of superconductivity! Experimentally the set of allowed currents
can be measured and gives ¢ = —2e, so apparently in a typical superconductor the operator whose radial
component gets an expectation value has the charge of two electrons - the excitations it annihilates are
typically called Cooper pairs.

63Incidentally this already shows that there is more to a superconductor than just being a perfect conductor - the magnetic
field inside the latter has to be constant, but it doesn’t have to be zero.
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It is interesting to consider where the persistent current is located within the current loop. Inside the loop
we have B = 0 by the Meissner effect, and so by Ampere’s law we have (assuming the current is stationary)
J =V x B =0. So there is no current flowing inside the loop. It therefore must all be flowing right at the
surface! This is a typical feature of superconductors - most of the interesting physics has to do with what
happens at an interface between a superconductor and a material (such as air) in which electromagnetic
gauge symmetry is not Higgsed. Another example of such a phenomenon is the Josephson effect, where
bringing two superconductors close together results in an oscillating current between them. The Josephson
effect has many applications, for example in SQUIDs (which are very precise magnetometers) and as qubits
for potential quantum computing architectures.
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